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PREFACE 


T HE geochemical knowledge of today is in a state of vigorous 
expansion. When we started the preparation of this book two 
years ago, we planned to give a survey of the field of geochemistry 
along the lines previously established by one of us (Th. G. S.) in a 
book published in the Finnish language. However, we soon realized 
that we had a new book in the making, inasmuch as it was necessary” 
to emphasize the quantitative aspects in geochemistry and to syn- 
thesize and summarize the multitude of new ideas and data which 
had accumulated during the last decade. Therefore, this book has 
grown far beyond its initially intended scope. 

The purpose of this book is neither to serve as a textbook of geo- 
chemistry nor to give a complete account of all geochemical in- 
: formation. It is an attempt to survey the broad field of geochemistry 
and to account for the present state of geochemical knowledge and 
is mainly intended for the use of the geologist who has the necessary 
background in chemistry and of the chemist who possesses an ade- 
quate knowledge of the geological sciences. 

Geochemical research at present is very extensive, and conse- 
quently we have made no attempt to stay abreast of the very latest 
published information. With few exceptions, only papers published 
up to the early part of 1948 were considered. Furthermore, we did 
not especially try to cover papers written in other languages than in 
English, French, and German, because in our opinion such papers 
generally are not addressed to the international reader. 

With respect to errors, omissions, and presentation of data colored 
by our personal opinions, we wish to quote a word of Goethe: 

W arum ich zuletzt am liebsten mil der Natar 
verkehre, ist, mil sie immer recht hat und der 
Irrtum bloss auf meiner Seite sein kann. 

Kalervo Rankama 

, Th. G. Sahama 

Chicago and Helsinki 
March 1949 
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WHAT IS GEOCHEMISTRY? 


O NE of the most characteristic features of the modern advances 
in physics, chemistry, and geology is the ever increasing 
interest in the boundary zones between these sciences and in the 
various groups of phenomena within a single science. This develop- 
ment is the consequence of the growing knowledge of natural phe- 
nomena and their fundamental essence, and it has given rise to a 
number of more or less narrowly limited branches of the sciences, 
represented by their own special methods and problems. At a certain 
stage of development these branches receive special names cor- 
responding to their programs. Although the border lines between 
sciences have no very close correspondence in Nature, being only 
artificially set up by man, they are important in scientific practice. 
By the use of these boundaries, the natural phenomena are readily 
divided into groups, and a better view of the classification of sciences 
and of human research in general is obtained. 

Being an offspring of geology and chemistry, geochemistry serves 
as a mediator between its parent-sciences, collecting its fundamental 
facts from them and applying the information thus obtained to a 
better understanding of the chemical phenomena taking place in 
Nature. Fifteen or twenty years ago geochemistry was still studied 
by only a few specialists. However, geochemical research has grown 
extremely rapidly during the last twenty years because it was shown 
to have important practical applications and unusually many un- 
explored possibilities of development. Accordingly, the use of the 
terms geochemistry and geochemical process has grown to be more 
common than it was earlier. In spite of the development referred 
to above, these designations, as used today by various authors, are 
still rather hazy and heterogeneous and have not reached any final 
uniformity. 

Four definitions of geochemistry, differing from one another in 
point of principle, are presented in literature. F. W. Clarke in his 
classical book The Data of Geochemistry (1924) defines the aims of 
geochemistry as follows: 

Each rock may be regarded, for present purposes, as a chemical system, in 
which, by various agencies, chemical changes can be brought about. Every such 
change implies a disturbance of equilibrium, with the ultimate formation of a new 
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system, which, under the new conditions, is itself stable in turn. The study of these 
changes is the province of geochemistry. To determine what changes are possible, 
how and when they occur, to observe the phenomena which attend them, and to 
note their final results are the functions of the geochemist. 

According to Clarke, geochemistry thus includes all that is 
chemical in geology. Consequently, the metamorphic changes of 
rocks where chemical reactions take place, the mineral-facies prin- 
ciple developed by Pentti Eskola, the differentiation of magmas by 
crystallization, and the granitization phenomena, among many 
others, should be included in geochemistry proper. 

Of course, the actual meaning of the term geochemistry is in it- 
self no natural law formulated on the basis of scientific experience 
like, e.g., the law of rational indices of crystal faces. Consequently, 
the above definition does not stand or fall together with a certain 
opinion, right or wrong, upon which Nature has to pass her judg- 
ment. The content and the limits of this branch of science are not 
defined by Nature herself but by the scientist who tries to make the 
definition as practical as possible. Accordingly, no one has the right 
to claim that the meaning put forward by Clarke is completely 
wrong. One deals simply with a question of adapting the definition 
to the general scientific nomenclature. 

However, there is one thing in Clarke’s definition which makes it 
impossible for us to agree with him or with others following his 
interpretation. In order to make this point clear, we shall briefly 
discuss the very precise treatment presented by M. King Hubbert 
(1938) on the general principles of classification of the sciences. 

Hubbert points out that all sciences ultimately deal with identical 
subjects, viz., with the movements and changing configurations of 
matter and with the accompanying transformations of energy. 
Differing from one another only by the subject and/or the scale of 
treatment, major sciences depend clearly on one another, to the 
extent that a less fundamental science needs the methods and data 
of a more fundamental one. 

The most fundamental of the sciences is physics, which does not 
need help from any other science. Therefore, physics belongs to the 
zero order of dependence. The two major sciences of order 1, viz., 
chemistry and astronomy, work on an atomic and molecular and on a 
celestial scale, respectively, and are based on physics. In other 
words, when chemistry and astronomy leave the elementary stage 
of purely descriptive treatment, the explanation of observations and 
2 
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facts is possible only if physical laws and principles are taken into 
account. The boundaries between physics and chemistry and be- 
tween physics and astronomy are not sharp, but gradual. Physical 
chemistiy and astrophysics serve as mediators between the sciences 
of orders 0 and 1. 

Geology, which is a science of order 2, differs from astronomy only 
in the scale of its subject of study, which is the Earth. Geology also 
depends on physics, as chemistry and astronomy do. Geochemistry 
and geophysics here play the role of mediators. As to geochemistry, 
it may, perhaps, be necessary for everything between chemistry and 
geology to be designated by this name and consequently for the 
definition given by Clarke to be accepted. 

An example is cited from the nomenclature of minerals and of 
their isomorphic mixtures to illustrate the point. The gradual change 
from chemistry to geology may be compared with an isomorphic 
series between two minerals. In such a series between these two 
“end-member 55 sciences the various domains included must be ar- 
ranged by such means that, starting from chemistry, the immedi- 
ate share of the ways of working and thinking characterizing the 
chemist decreases, while those peculiar to the geologist increase. 
The series of the borderland sciences between chemistry and ge- 
ology may be compared, for example, with the series between 
albite and anorthite. If the principle of including in geochemistry 
everything between chemistry and geology is applied, as such, to 
the plagioclase feldspars, only the name “plagioclase 55 should be used 
in petrology for all these mixtures. However, it is apparently more 
suitable to divide the plagioclase series into separate ranges accord- 
ing to the Ab/An ratio and to give the feldspars falling into these 
ranges proper names: oligoclase, andesine, labradorite, and by- 
townite. The boundaries between these subdivisions are artificial 
because they are set up by the mineralogist and not by Nature 
herself. 

In accordance with the nomenclature of the plagioclase feldspars, 
it seems suitable to distinguish between the various domains in the 
borderland between chemistry and geology (Fig. 1). Beginning with 
geology proper, one comes to chemical geology as the first field. 
Certainly, it is merely a matter of taste whether or not chemical 
geology should be included in geology proper. However, the fact 
cannot be denied that the problems belonging to chemical mineral- 
ogy, chemical petrology, and chemical geology represent the first 
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stage in the passage from geology to chemistry. These fields of study 
are included in the definition of geochemistry as given by Clarke, 
but some authorities disagree with him in this respect. In the Intro- 
duction to his book La Geochimie (1924), V. I. Vernadsky defines 
geochemistry as follows : 

La geochimie etudie les elements chimiques dans Tecorce terrestre et autant 
qu’il est possible dans le globe terrestre. Elle etudie leur liistoire, leur distribution 
dans le temps et 1’espace. Elle se distingue nettement de la mineralogie qui n’etudie 
que Thistoire dans le meine espace et le meme temps de leur eombinaison, cristaux 
et molecules. 



Fig. 1. — Geochemistry and related fields of science 


According to Vernadsky, geochemistry and mineralogy are dis- 
tinguished from each other by the choice of the subject of study. 

The subject of study, of course, may be used as a basis when de- 
fining a science. However, the geochemist, without moving aside from 
his field, may sometimes investigate a certain mineral, its chemical 
composition, its crystal structure, and its manner of occurrence, in 
order to find the explanation of certain observations concerning the 
geochemistry of one of its constituents. For example, if the geo- 
chemistry of zirconium in igneous rocks is studied, the mineral 
zircon must be a subject of research. The bulk of zirconium in 
igneous rocks occurs in zircon, and the peculiarities of the structure 
of this mineral are apparently responsible for the distribution of 
zirconium in the various products of magmatic differentiation. 

The definition of Vernadsky cited above differs from that given 
by Clarke by excluding from geochemistry the chemical features of 
4 
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geology. Hence it cannot be considered exact enough for our pur- 
poses. 

Another definition of the scope of geochemistry was offered by 
A. E. Fersman in his book on the geochemistry of Russia, published 
in 1922. His definition, translated by Tomkeieff (1944), is the fol- 
lowing: 

The purpose of geochemistry is the study of the element-atom in the conditions 
prevailing in the Earth’s crust (as well as in the parts of the Cosmos accessible to 
our exact observations). Geochemistry studies: (a) the quantitative distribution of 
the chemical elements in the Earth’s crust and their dispersion and local concentra- 
tion; ( b ) the combinations of different elements in the different parts of the Earth’s 
crust and their distribution in space and time under the influence of different chemi- 
cal processes; (c) the migration of elements and the laws of such migration as de- 
termined by the different thermodynamic conditions of their environment; and 
id) the behavior of chemical elements either in the environment of the Earth’s 
crust or as compounds and particularly as crystals. This may be expressed even 
more simply: geochemistry studies the history of chemical elements in the Earth’s 
crust and their behavior under different thermodynamic and physico-chemical 
natural conditions. 

Fersman’s definition is rather satisfactory; but the most precise 
definition of geochemistry is that given by V. M. Goldschmidt on 
various occasions, e.g., in his classical papers, “Geochemische Ver- 
teilungsgesetze der Elemente, I-TX” (1923-37) and “Grundlagen 
der quantitativen Geochemie” (1933a, 1935). Goldschmidt formu- 
lates the following three tasks of geochemistry: 

1. To establish the abundance relationships of elements and nuclides 
in the Earth 

2. To account for the distribution of elements in the geochemical 
spheres of the Earth, e.g., in the minerals and rocks of the litho- 
sphere and in natural products of various kind 

3. To detect the laws governing the abundance relationships and the 
distribution of the elements 

It is evident that the definitions given by Vernadsky, Fersman, 
and Goldschmidt are of identical meaning, although the expression 
used by Goldschmidt is by far the most precise. Therefore, his 
definition will be followed in this book. Our leading principle when 
defining geochemistry is not the subject of study but the viewpoint 
of the scientist attacking his problems. The geochemist deals largely 
with geological phenomena and geological subjects. His entire work is 
based on chemistry. His methods and, as may be especially empha- 
sized, his problems are those of a chemist or a physical chemist. 
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This very fact enables one to draw the boundary line between geo- 
chemistry and chemical geology. Conversely, the chemical geologist 
examines his problems from the viewpoint of a geologist. His is 
a geological material, and, when interpreting his observations, the 
analytical results, etc., he always has their geological application 
in his mind. For the geochemist, on the other hand, the geological 
observations, though based on the use of geological material, repre- 
sent only a certain part of his results, which are intended to estab- 
lish laws governing the abundance and distribution of the elements. 

If geochemistry is defined in the manner explained above, the 
drawback included in the definition given by Clarke is avoided, i.e., 
that the domains of geochemistry and chemical geology overlap to a 
considerable degree. When defining the borderland fields between 
the sciences, it is desirable for the new branches to cover continuous 
series of phenomena without falling into the customary ranges 
of their neighboring branches. 

The principles discussed above, by which geochemistry must be 
separated from chemical geology, are found in Goldschmidt’s 
definition. We feel, however, that it is necessary to emphasize the 
decisive importance of the point of view of the scientist when judg- 
ing whether or not a given problem belongs to geochemistry. In 
order further to illustrate this fact, the following example is cited. 

It is supposed that both the geochemist and the geologist (or the 
petrologist) deal with the differentiation by crystallization of a 
magma. The question is: How do their attitudes toward this prob- 
lem differ from each other? The two scientists need a thorough 
knowledge of the mechanism of the differentiation process as a 
whole. The petrologist tries to reveal the succession of the various 
products of differentiation and the causes responsible for this se- 
quence. In his case the field observations, supported by laboratory 
experiments, which justify a certain succession of rocks, represent 
the final result of the process. In field work he will apply the results 
to the special problems of his region. In the case of the geochemist, 
on the other hand, the succession of the rocks as established during 
field and laboratory observations represents no final result of the 
research but merely forms a basis for the determination of the de- 
gree of enrichment of the various elements in the products of differ- 
entiation. The scope of his work is to find out the properties of the 
elements or of their ions which are responsible for the enrichment 
phenomena observed. 



WHAT IS GEOCHEMISTRY? 


According to the definition adopted in this book, geochemistry 
may be divided into four branches, devoted to more restricted fields, 
i.e., the four geochemical spheres. The division is schematically 
presented in Figure 1. It might be pointed out that Vernadsky was 
the first to use the name biogeochemistry. A very definite regional 
trend is developing in the geochemical investigation of the litho- 
sphere — lithogeochemistry — contrasting with the trend which may 
be called classical or mineralogical. Although geology, as one of 
the parental sciences of geochemistry, furnishes most of the ma- 
terial used by the latter, the value of other sciences cannot be 
denied. Biological material and the results of biochemical research 
form the background of biogeochemistry. The knowledge of the 
geochemistry of the atmosphere is based nearly exclusively on 
meteorological research. Much information on the chemical compo- 
sition and physical condition of the seas, which is of fundamental 
value in the study of the geochemistry of the hydrosphere, is col- 
lected in oceanographical investigations. 



HISTORICAL OUTLINE 


G EOCHEMISTRY, as an independent field of study, is not 
very old if compared with its parent-sciences, geology and 
chemistry. The name geochemistry was used for the first time in 
1838 by the Swiss chemist, Christian Friedrich Schonbein (1799- 
1868), the discoverer of ozone. He (1838) mapped out the program 
for the new branch of science and emphasized the importance of 
studying in the greatest detail the properties of all geological forma- 
tions, their physical and chemical properties, and their age relation- 
ships. He also stressed the importance of carefully comparing the 
products of the chemical forces active at the present with those of 
earlier forces. In 1842 he again emphasized the significance of geo- 
chemistry, stating that for real geological research the chemical 
nature and the manner of origin of the masses constituting the Earth 
were of an importance at least equal to that of the age of the geo- 
logical formations and the fossil remains of plants and animals 
imbedded therein. 

Studies of a geochemical character had already been made prior 
to Sehonbein’s time, during the period of the growth and develop- 
ment of mineral chemistry, which certainly is the most orthodox 
inorganic chemistry. The name of the Swedish chemist, J. J. Ber- 
zelius (1779-1848), must be mentioned in this connection. However, 
the most part of the geochemistry of the past was mineralogical and 
geological chemistry, dealing with the study of mineralogy and geol- 
ogy, with special reference to the chemical reactions involved. 

More extensive discussions dealing with the field and problems 
of geochemistry were given by some of Schonbein’s contemporaries 
in Germany. In the middle of the nineteenth century Gustav 
Bischof (1792-1870) discussed these questions in his Lehrbuch der 
physikalischen und chemischen Geologie, the first edition of which was 
published in 1847-54. Toward the end of the century (1879-93) 
Justus Roth (1 SI 8-92) published a similar treatise, Allgemeine und 
chemische Geologie. The book Chemische Mineralogie by Reinhard 
Brauns (1861-1937), issued in 1896, also contains important earlier 
contributions related to geochemistry. 

The first, and one of the most important, contributions to geo- 
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chemistry in the modern sense was the classical treatise. The Data 
of Geochemistry , written by the American mineral chemist, Frank 
Wiggiesworth Clarke (1847-1981). The first of the many editions of 
this book was published in 1908. It is an extensive and systematic 
collection of facts pertinent to the accessible parts of the Earth. 
Consequently, Clarke’s book today is still one of the most valuable 
source books of geochemical knowledge. 

Henry Stephens Washington (1867-1934), Clarke’s contemporary, 
also made important contributions to the study of the Earth’s in- 
terior, the composition of the lithosphere, and the abundance of the 
elements therein. 

In Europe many early contributions of importance in the de- 
ciphering of the geochemistry of the lithosphere were published 
around the beginning of the twentieth century. Two Norwegian 
scientists, J. H. L. Vogt (1858-1982) and W. C. Br^gger (1851-1940), 
studied the crystallization of igneous rocks, and Vogt also made im- 
portant earlier contributions to the occurrence and abundance of the 
less familiar elements in rocks. V. M. Goldschmidt (1888-1947) in 
Norway studied the physical chemistry of metamorphic rocks. The 
Swiss petrologist, Paul Niggli, has also contributed to the develop- 
ment of geochemistry. 

The Russian school of geochemistry, under the leadership of V. I. 
Vernadsky (1863-1945) and his younger contemporary, A. E. Fers- 
man (1883-1945), made the first attempts to establish an independ- 
ent science of geochemistry. In 1924 the former published, in French, 
his book La Geochimie (which was later published in Russian and 
German), followed, in 1929, by another book, La Biosphere. The geo- 
chemical study of the biosphere remained among the subjects of main 
interest to Vernadsky, whereas Fersman focused his activity on the 
geochemical investigation of the lithosphere, particularly with the 
help of mineral assemblages and their development into genetic 
types, with much attention paid to the regional side of such studies. 
Fersman also sought the ultimate causes of the distribution of the 
elements in their atomic structure and studied their distribution in 
the Universe, thus incorporating geochemistry with cosmochemistry. 
His research resulted in a monumental book of theoretical and ap- 
plied geochemistry, written in Russian and published in 1983-39, 
and in extensive studies on the geochemistry of granite pegmatites. 

Beginning with the third decade of the twentieth century, a new 
period of evolution started in geochemistry, which led, in a com- 
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paratively short time, to the discovery of the fundamental laws 
governing the distribution of the elements in Nature. This develop- 
ment in geochemistry was due mainly to the persistent work of 
V. M. Goldschmidt and his many co-workers at the mineralogical 
institutes of the universities of Oslo and Gottingen. As a result of 
this activity, which lasted for nearly two decades, the actual dis- 
tribution of a great number of elements was established. The new 
development in geochemistry was partly incorporated with the 
evolution of modem physics, especially of atomic and nuclear 
physics, and partly with the development of new physical and chemi- 
cal methods of quantitative determination of the elements even 
in very low concentrations, particularly with the aid of optical and 
X-ray spectrochemical analysis. It must be emphasized, however, 
that geochemistry, for its part, contributed notably to the evolution 
of physics and chemistry during this period. Actually, the use of 
optical spectrochemical analysis dates back to its earliest beginnings 
in 1860, when the German scientists, Robert Bunsen (1811-99) and 
Gustav Kirchhoff (1824-87), discovered a new element, cesium, in 
the water of the Diirkheim mineral springs in Germany. Another new 
alkali metal, rubidium, was discovered by Bunsen and Kirchhoff in 
1861 in lepidolite, also with the aid of spectrum analysis. The Swed- 
ish geologist, Assar Hadding, was the first to show, in 1922, that 
X-ray spectrography is a very useful tool in chemical analysis. 

Fundamental research dealing with the distribution and abun- 
dance of the elements in Nature was also carried out on an extensive 
scale, after the first two decades of the twentieth century, by George 
Hevesy and his co-workers in Denmark and Germany and by Ida 
and Walter Noddack in Germany. 

The various branches of geochemistry are today studied by an 
increasing number of scientists in the various countries. So far, 
research in the geochemistry of the lithosphere has been largely con- 
centrated in three Eennoscandian countries: Norway, Sweden, and 
Finland. Thermochemistry and the use of separated isotopes and 
artificially radioactive elements are likely to become important 
new tools in this branch of geochemistry. There is also a definite 
trend in lithogeochemistry toward the study of geochemical phe- 
nomena on a regional, even on a global, scale — the opposite of the 
classical mineralogical trend in this field. Research in oceanography 
is largely devoted to the study of many of the fundamental problems 
in oceanic geochemistry, particularly owing to the development of 
10 
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new sampling equipment for ocean-bottom deposits. One of the more 
recent tendencies in biogeochemistry deals with the distribution 
and role of trace elements in plants and animals. 

The goal of present research in theoretical geochemistry is the 
detection of the primary causes of geochemical phenomena and the 
basis underlying geochemical laws. Much new light is shed on these 
problems by the evolution of astrophysics. Geochemistry is thereby 
definitely linked with cosmochemistry. 
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INTRODUCTION 


T HE subject matter contained in this book is divided into two 
parts. Part I deals with the general laws and regularities which 
determine the abundance and manner of occurrence of each par- 
ticular element. This way of presenting the material is in accordance 
with the definition of the three main tasks of geochemistry, dis- 
cussed on page 5. Part II, on the other hand, deals with the 
individual geochemical features of each of the elements in the Peri- 
odic System, as well as with the empirically established causes of the 
manner of occurrence of the various elements. 

If the general geochemistry of a given element is considered, its 
terrestrial and cosmic abundance is found to be of fundamental 
importance. The essential influence of the abundance of an element 
on its manner of occurrence is understood if the law of mass action 
is taken into account. This well-known physicochemical law regu- 
lates the course of a chemical reaction taking place in the labora- 
tory, and it is evident that it is valid also in the case of such reac- 
tions which occur in Nature. However, it must be emphasized at once 
that there is a fundamental difference between the chemical reac- 
tions studied in laboratories and those investigated in Nature. The 
first category includes those of a limited scale, their course being 
widely controlled and readily deciphered. These reactions, in addition, 
sooner or later usually attain equilibrium. The scale of the reactions 
met in Nature, on the other hand, is immense, and in most cases the 
reaction equilibrium is never attained or is reached only after long 
periods of time. Thus only limited parts of the reacting system can 
be observed, and the details of the mechanism of the reaction usually 
remain more or less unknown. Consequently, in geochemistry often 
only the substances originally present or the reaction products are 
available for study, and the actual course of the reaction must be 
deduced from analogous evidence furnished by laboratory experi- 
ments. As pointed out by Paneth (1940), the geological sciences, 
which furnish geochemistry with much of the material studied, fre- 
quently suffer, in addition, from the peculiar nonmathematical char- 
acter of their logical structure, whereby their conclusions may ap- 
pear to many representatives of other sciences less stringent than 
12 
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they actually are. The result is that much geological knowledge is 
required of the successful geochemist, along with a thorough under- 
standing of the laws of physical chemistry. 

The nature of the products formed in both endogenic and exo- 
genic reactions depends decisively on the concentrations of the 
participating elements, i.e., their abundance. Although the local 
concentrations of the reacting compounds in Nature are governed 
by many factors, they depend ultimately on the abundance relation- 
ships of the elements in question. It must be added, on the other 
hand, that the knowledge of the abundance relationships of the ele- 
ments still does not suffice to determine quantitatively the nature 
of the substances formed in the reaction. The rapid increase in 
understanding of the ultimate composition of the atomic nucleus 
has resulted in the fact that now the geochemist must also consider 
the abundance of the nuclides which compose the various elements, in 
order completely to understand the abundance relationships of the 
latter. 

Consequently, the study of the abundance of the elements and of 
the nuclides — the first of the main tasks of geochemistry — is one 
of the more important subjects to be discussed in Part I of this book. 

It forms the basis of the treatment of the geochemical differentiation 
of matter, which has caused the present chemical composition of 
the various geochemical spheres of the Earth and of the Earth itself. 
The processes involved in the geochemical differentiation of matter 
are largely theoretical, and many of their details must still be verified 
by additional facts. However, they are employed in the present 
treatise because they offer, to the best of our present-day knowledge, 
a logical chain of events which can be successfully used in geo- 
chemical philosophy, i.e., in the construction of a geochemical 
Weltbild. The processes, discussed by Goldschmidt (1926, 1930a, 
19336), include the following: » 

1. The first geochemical differentiation of matter. This group [ 
includes all processes responsible for the differentiation of matter to j 
form the geochemical spheres of which the Earth is now believed * : 
to be composed. The concept of the first geochemical differentiation s 
is based on geophysical facts concerning the Earth; physical and ' j 
chemical facts pertaining to the structure and composition of meteor - 1 
ites and other astrophysical information; and the results obtained /* 
from metallurgical studies dealing with the melting and preparation' 
of metals from then ores. 
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2. The second geochemical differentiation of matter is called in 
petrology the differentiation by crystallization of a magma. This 
process is believed to be the main mechanism in the formation of 
rocks and minerals from their melts. It requires understanding of 
the fundamental facts of crystal chemistry, which are presented 
accordingly. 

3. The third geochemical differentiation of matter takes place in 
the zone of the exogenic phenomena. It deals chiefly with physico- 
chemical processes in aqueous solutions which result in the forma- 
tion of the various sediments and sedimentary rocks. The processes 
involved are therefore discussed. 

The major cycle of matter, the metamorphism of rocks connected 
therewith, and the endogenic migration of matter in the lithosphere 
differ largely from the three differentiation phenomena discussed 
above and consequently are treated in separate subdivisions, which 
deal with their fundamental principles. 

The above discussion is focused principally on the lithosphere and 
its geochemistry. The three outermost geochemical spheres of the 
Earth, -viz., the hydrosphere, the atmosphere, and the biosphere, are 
also studied as separate geochemical units. Although their masses, as 
compared with that of the lithosphere, are rather small, they are 
geochemically rather important and may have decisive influence 
upon phenomena taking place in the lithosphere. 

The field of geochemistry, by its definition, is restricted to the 
Earth. However, some of the results of geochemistry may be applied 
to the study of the chemistry of the other members of the Solar 
System. On the other hand, much information of direct geochemical 
importance is today obtained from astrophysical studies, and it is 
evident that geochemistry is but a branch of the general chemistry 
of the Universe, called cosmochemistry. Therefore, a short account 
is given of some subjects of cosmochemical importance, such as the 
chemistry of comets and meteors, internal constitution of the plan- 
ets, and the chemistry and evolution of their atmospheres. 

In accordance with the definition of one of the fundamental tasks 
of geochemistry, an outline of the geochemical evolution of the 
Earth is presented, based on the general information available in 
the preceding chapters. 
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GENERAL GEOCHEMISTRY 




CHAPTER 1 


COMPOSITION AND STRUCTURE 
OF METEORITES 

METEORXTICS 1 AND GEOCHEMISTRY 

T HE meteorites collected all over the world, available for re- 
search in the museums and collections of different countries, 
are often believed to be fragments of a member of the Solar Sys- 
tem, scattered in a manner similar to the asteroids (Paneth, 1940). 
The broken planet must have been comparable to the Earth in 
size in order to have possessed a metallic core from which the irons 
were produced. Brown and Patterson (1948) showed that, if the 
distribution of the elements in meteorites represents an equilibri- 
um, the meteorites had their origin in the interior of a planet similar 
to the Earth in general physicochemical characteristics. The hy- 
pothesis is also generally accepted that the asteroids were derived 
from this same parent-body. 

The meteorites are excellent specimens of matter from space, 
and they supply information on the properties and composition of 
matter found outside the Earth. Being the sole representatives so 
far available of extra-mundane material, they are an extremely 
important source of the knowledge of interplanetary and inter- 
stellar masses. It has been calculated that over half the sporadic 
meteors come from interstellar space. However, geochemistry is 
restricted in its field to the Earth, and hence the investigation of 
meteorites does not exactly fall within its scope. A treatment of the 
fundamental petrological and chemical properties of meteorites 
would thus seem to be incorrect as far as a treatise on geochemistry 
is concerned. 

However, the meteorites also have terrestrial importance, since the 
meteoritic matter contributes to the mass of the Earth with a daily 
amount of 1 metric ton (Watson, 1941). It is calculated that during 

1. The terminology in meteorities, proposed by Nininger (1936), is used in this book. 
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the geological history of the Earth (taken as 2, GOO TO 6 years) the 
total accumulation would amount to 10 9 g«km" 2 , a layer less than 
1 cm thick over the whole surface of the Earth. Other impor- 
tant reasons for the significance of the meteorites in geochemistry 
are the following : 

1. According to the present knowledge, the physical properties 
of the Earth do not remain unchanged from the surface to the center 
of the globe but are subject to regular changes, which are discovered 
by means of various geophysical methods. There is no direct evidence 
concerning the chemistry of the Earth’s interior. The knowledge of 
the chemical composition of the Earth and of its various geochemical 
spheres, on the other hand, is the fundamental basis of geochemistry. 
Because direct observations of the Earth’s interior are not possible, 
the geochemist must draw his conclusions in an indirect manner. In 
addition to the facts offered by geophysics, the only way of obtain- 
ing this information is by analogy with the meteorites. The French 
geologist, A. Boisse, had already suggested in 1850 that the meteor- 
ites formed a counterpart of the interior composition of the Earth. 
This suggestion is now rather generally accepted, even though the 
present evidence is still far from complete. Consequently, if any 
geochemical conclusions are drawn concerning the Earth’s interior, 
the chemical composition of the meteorites must be taken into 
account. If the composition of the meteorites is wholly ignored, then 
the only actually existing basis of the research is lost, and the result 
is pure speculation, of no scientific value whatever. On the other 
hand, it must also be kept in mind that a strict analogy between 
the Earth and the meteorites is still by no means a necessity. 

2. The manner of occurrence of the elements in the lithosphere 
and their distribution among the theoretical geochemical shells of 
the Earth depend on the chemical and geochemical properties of the 
elements. The distribution of the elements among the various me- 
teorite phases, along with other facts, gives some information con- 
cerning their general geochemical character. The case may be 
illustrated with an example. According to the theory now generally 
accepted, the Earth has a core consisting of nickel-iron. In the 
meteorites the rare element germanium is found to be very strongly 
enriched in the metallic phase, and the distribution ratio between 
metal and silicate amounts to approximately 99:1. If this result 
were applied to the Earth, one would expect germanium to be greatly 
enriched in the metallic core. However, such an analogy between 
18 
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the Earth and the meteorites cannot be established. As a matter of 
fact, certain circumstances, which will be discussed later, prevent a 
very far-reaching analogy. At any rate, the results concerning the 
meteorites are often helpful in understanding some peculiarities in 
the manner of the terrestrial occurrence of the elements. 

In accordance with the principle discussed above, no attempt will 
be made to give an exhaustive review of the knowledge of meteoritics. 
Only some data will be reported which are considered to be of general 
importance in the application of the available information concern- 
ing meteorites to the discussion presented in the coming chapters of 
this book. 


MINERAL CONSTITUENTS OF METEORITES 

The constituents of the meteorites which are called meteorite 
minerals 2 are partly identical with those found in terrestrial rocks 
of a corresponding chemical composition. The meteorite minerals 
are listed in Table 1 . 1 . Some substances of a dubious character or 
imperfectly known are not included (see Neuerburg, 1946). Short 
descriptions follow of the minerals listed in Table 1 . 1 . 

Nickel-iron . — The nickel-iron consists of two different meteorite 
mineral species, kamacite and taenite (see Henderson and Perry, 
1943; Perry, 1944 ). They are nickel-iron alloys which differ from 
each other in their nickel content and crystal structure. Small 
amounts of cobalt are always present, playing structurally the same 
role as nickel. The nickel content of kamacite is rather uniform. It 
is never higher than about 6 per cent (cobalt included), and only a 
few recent analyses show nickel contents materially lowrer than 5 
per cent. The structure of kamacite is that of the body-centered 
isometric a-iron. Taenite is richer in nickel than is kamacite. The 
content ranges from approximately 13 per cent to as high as perhaps 
48 per cent. The composition of taenite is thus rather variable. The 
question of whether there exists any intermetallic compounds 
between iron and nickel with fixed ratios of these elements seems 
thus far not to have been decisively settled. The structure of taenite 
is that of the face-centered 7 -iron. Both kamacite and taenite are 
isometric. The third variety of the nickel-iron listed in Table 1 . 1 , 
viz., plessite, is not a definite meteorite mineral, being, instead, a 
supersaturated solid solution of taenite wdth respect to kamacite. 

%. Because a number of the constituents of the meteorites are not known to occur ter- 
restrially, we propose to use in this book the term meteorite mineral to distinguish between 
the compounds found in meteorites and the terrestrial minerals. 
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Its composition varies according to the relative amounts of these 
components. 

Graphite and diamond . — Graphite is rather common, but the other 
crystalline form of carbon — diamond — Is extremely rare, being 
reported in only some iron meteorites. 

Copper . — Native copper is a very rare constituent of the siderites. 


TABLE 1.1* 


The Meteorite Minerals 


Elements: 
Copper 
Nickel-iron 
Kamacite 
Taeniie 
Pies site 
Carbon 
Diamond 
Graphite 

Carbides : 
Colienite 
Moissanite 

Nitrides: 

Osborniie 

Phosphides: 

Schreibersite 


Oxides: 

Magnetite 

Chromite 

Quartz 

Tridymite 

Carbonates : 

Breunnerite 

Phosphates: 

Apatite 

Silicates: 

Olivine 

Clinoenstatite-clinohypersthene 

Diopside-hedenbergite 

Augite 

Enstatite-hypersthene 

Plagioclase 


Sulfides: 

TroilHe Glass: 

Oldhamite Maskelynite 

Daubreeliie 


Chlorides : 

Lawrencite 

* The species not found In terrestrial rocks are printed in italics. 


Colienite , (Fe,iSi)%C . — Cohenite crystallizes in the orthorhombic 
system. It corresponds to the artificial iron carbide (cementite) 
which occurs in steel. Even though nickel does not form a carbide 
in man-made iron, cohenite contains noticeable amounts of this 
metal. The average composition of cohenite, which is a rare con- 
stituent of the meteorites, is given in Table 1.2, which is quoted from 
Chlrvlnskv (1931). 

Moissanite , SiC . — Moissanite is hexagonal, identical with the 
artificial silicon carbide, and very rare. 

Osbornite , TiN . — This constituent Is isometric and extremely 
rare. 
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Schreibersite (rhabdite), (. Fe,Ni,Co) 3 P . — Schreibersite is tetragonal. 
It is very rich in nickel and is one of the most common accessory 
constituents of meteorites. The average composition of schreibersite 
is presented in Table 1.2. In some irons it occurs as parallel-oriented 
lamellar grains (Reichenbach lamellae), resembling in appearance 
the kamacite plates of the hexahedrites. 

Troilite . — This hexagonal meteorite mineral with the composition 
FeS is very abundant in all types of meteorites and is structurally 
identical with the terrestrial pyrrhotite (Fe 5 S 6 -FeiiSi 2 ) but shows, 
contrary to the latter, no excess of sulfur. According to Laves (1930), 


TABLE 1.2 

Average Chemical Composition of Troilite, 
Schreibersite, and Cohenite 


Element 


Troilite 


Schreibersite 


Per Cent 


Cohenite 


Fe 

62 26 

58 33 

i 90 28 

Ni 

Co. . 

} 1 TO 

25 85 

0 59 

} 3 46 

Cu 

0 19 

s.. 

36 42 



p . 


15 18 


c. . . 



6 26 

Total . . 

100 40 

100 14 

100 00 


the apparent excess of sulfur generally found in pyrrhotite is 
actually due to the fact that a number of positions of the iron atoms 
are left vacant in the structure. Vacant positions do not occur in the 
structure of troilite, and its composition thus corresponds fairly 
well to the theoretical formula of iron monosulfide, FeS. Small 
amounts of nickel and cobalt are present, replacing iron. The average 
composition of troilite is presented in Table 1.2. 

Oldhamite, ( Ca,Mn)S . — Gldhamite is usually considered to be 
calcium sulfide, CaS; but Goldschmidt (19376) showed that it 
contains appreciable amounts of manganese. This is due to the fact 
that manganese sulfide, occurring terrestrially as alabandite (MnS), 
has the same isometric sodium chloride structure as calcium sulfide. 
Its structural dimensions are nearly identical with those of CaS, 
and consequently it is isomorphic with the latter. Oldhamite also 
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contains magnesium along with manganese. It is common in stony 
meteorites. 

DauhrSelite , FeCrtS* — This constituent is isometric and has a 
structure of the spinel type. It occurs together with troilite but is 
rather uncommon. 

Lamrencite , (. Fe,Ni)Ck • — Lawrencite is hexagonal (rhombohe- 
dral). It is deliquescent, turning in the air to ferric chloride and 
ferric hydroxide. It is very rare. 

Quartz and iridymite . — The oxides quartz and tridymite (asman- 
ite), Si0 2 , are present in small amounts in some iron and stony 
meteorites. 

Magnetite ( [Fe z O 4 ) and chromite (FeCrvOi). — These oxides are some- 
times met in stones. 

Breunneriie , (. Mg,Fe)COz . — This is an isomorphic mixture of 
magnesite and siderite. It has been recorded in a stony meteorite 
only once, and consequently its presence in meteorites seems to be 
somewhat dubious. 

Apatite . — The calcium phosphate, apatite, is not very rare in 
stones as an accessory constituent. It has sometimes been found to 
have the composition of the carbonate apatite, francolite. 

Olivine , (Mg } Fe) 2 [Si 04 ]. — The members of the olivine group are 
the most abundant constituents of stony meteorites. The meteoritic 
olivines in most cases fall within the range of chrysolite, as defined 
by Deer and Wager (1939), and they usually contain about 10-15 
per cent of the fayalite molecule. 

Pyroxene group . — The isomorphic mixtures of the metasilicates 
of magnesium and ferrous iron occur in tw r o forms: orthorhombic 
and monoclinic. The composition varies from enstatite (or clinoen- 
statite) to magnesium-rich hypersthene (or clinohypersthene). The 
orthorhombic forms are the more abundant in the meteorites but, 
contrary to terrestrial rocks, also members of the monoclinic series 
(clinoenstatite-clinohypersthene), are rather common. The calcium 
and aluminum pyroxenes — diopside-hedenbergite and augite — are 
comparatively rare as meteorite minerals. Their occurrence is mostly 
restricted to the rare achondrites, which are rich in calcium. 

Feldspar group . — Pure anorthite, CafAloSiDs], is found in achon- 
drites and stony-irons ; and the isomorphic mixtures of the plagioclase 
series, ranging in composition from labradorite to oligoclase, are 
reported from chondrites. The other feldspars have not been stated 
to occur as meteorite minerals. The plagioclase feldspars are fairly 
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common in stones, though less abundant than the femic constituents. 
Maskelynite is the glassy equivalent of plagioclase. 

PETROGRAPHIC CLASSIFICATION OF METEORITES 
The meteorites are classified, according to the predominance of the 
metallic or the silicate phase, into three mam groups, viz., (1) irons 
or siderites; (2) stony-irons or siderolites; (3) stones or aerolites. 
The further division of these groups is based on some characteristic 
features in the texture and composition of the meteorites, and a 
number of special names have been given to the subgroups. Because 
a detailed grouping is not necessary for the present purposes, the 
following classification is given, quoted from a paper of Daly (1943) : 

CLASSIFICATION OF METEORITES 
I. Irons or siderites 

A. Nickel-poor ataxites 

B. Hexakedrites 

C. Octahedrites 

D. Nickel-ricli ataxites 
II. Stony-irons or siderolites 

A. Olivine stony-irons or pallasites 

B. Bronzite-asmanite stony-irons 

C. Bronzite-olivine stony-irons or mesosiderites 

D. Hypersthene -anorthite stony-irons 
III, Stones or aerolites 

A. Chondrites 

1. Enstatite chondrites 
%. Bronzite chondrites 
3. Hypersthene chondrites 

B. Achondrites 

1. Calcium-poor achondrites 

a) Enstatite achondrites 

b) Clinobronzit e-olivine achondrites 

c) Hypersthene-olivine achondrites 

d) Hypersthene achondrites 

e) Olivine achondrites 

2. Calcium-rich achondrites 

a) Augite achondrites 

b) Diopside -olivine achondrites 

c ) Clinohypersthene-anorthite achondrites 

d) Hypersthene-clinohypersthene-anorthite achondrites 

On the basis of their textural characteristics, the iron meteorites 
are generally divided into hexahedrites, octahedrites, and ataxites. 
These subgroups cannot, however, always be sharply distinguished 
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from one another, because there occur transitional types which form 
a more or less continuous series. 

The hexahedrites carry only kamaeite and contain no taenite or 
plessite. Their nickel content is thus about 5-6 per cent. The kaina- 
cite is found in the hexahedrites as rounded or irregular grains. 

Lamellar bands of kamaeite are arranged in octahedrites according 
to the planes of an octahedron. These bands are clearly visible on 
polished and etched surfaces, and they are known as the Wid- 
manstatten or Widmanstetter figures. The kamaeite plates are 
usually surrounded by a thin layer of taenite, and the interstices 
are filled with plessite. The octahedrites are the most common of all 
irons. Their nickel content varies from 6 to 18 per cent. 

The ataxites show no structural arrangements when investigated 
under the microscope. On the basis of their composition they are 
divided into two groups, consisting of the nickel-poor (with 5-6 
per cent Ni) and the nickel-rich (10-20 per cent Ni) types. 

The problem of the origin of the known textures of the iron me- 
teorites cannot be regarded as completely solved so far. It is known, 
however, that the nickel-iron, at high temperatures, is able to cany 
considerable amounts of nickel in solid solution. With decreasing 
temperature the a-form (kamaeite) will be separated from the 7-form 
(taenite) because of unmixing in a solid state. The kamaeite lamellae 
of the hexahedrites are formed thus. Plessite represents a remainder 
in which the unmixing has not proceeded far enough to cause a 
total separation of the two phases. 

The stony-irons form a transitional group between irons and 
stones. The abundance of the metallic and silicate phases varies 
continually from pure irons to pure stones. It is thus hardly ap- 
propriate to calculate an average composition for these mixtures, 
because the mean ratio of the two phases is about 1:1. In the iron- 
rich types the metallic phase coheres in both the space and the 
plane of a polished section, whereas in the more silicatic varieties 
it coheres only in space and not in the section. The mineralogical 
composition of the silicate phase is used as a basis for further sub- 
division of the stony-irons, as shown in the foregoing classification. 

The stones are divided into two main groups according to their 
textural features. The first of these groups — the chondrites — is 
distinguished by a peculiar structure commonly found among the 
aerolites. Their mass is made up of rounded grains or then aggregates, 
called chondrules. In some meteorites the chondrules are rare, but 
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in others they form almost the entire mass. The chondrites almost 
always contain olivine. They are further divided according to the 
chief pyroxene variety that is present. In the achondritic stones 
which form the second group no chondrules are present. The achon- 
drites are divided into calcium-poor and calcium-rich types accord- 
ing to their mineralogical composition. In the second subgroup, 
plagioclase (anorthite) and calcium -bearing pyroxenes play an 
essential role in the mineralogical composition. 

AVERAGE COMPOSITION OF THE VAR- 
IOUS METEORITE TYPES 

The approximate knowledge of the mean chemical composition of 
the different meteorite types is very important in geochemical studies 
and calculations. As a matter of fact, rather reliable averages for 
the different types may be calculated on the basis of the considerable 
number of individual analyses now available of the different me- 
teorites. The figures obtained from these calculations, carried out 
by several authors, differ from one another to some extent. Because 
the deviations in the values of the main constituents of the meteorites 
are not essentially important for the present purpose, separate 
averages given in literature will not be discussed in detail here. 
Following the presentation given by Daly (1943), the averages 
calculated for irons by Farrington (1911), for chondrites by Merrill 
(1916), and for achondrites by Washington (1925) are presented 
in Table 1.3. This table also contains the averages for siderites 
calculated by Buddhue (1946a) and for the silicate phase of aero- 
lites, calculated by Brown and Patterson (1947a). Similarly, the 
latter’s (19475) iron, nickel, and cobalt averages are included for 
iron meteorites and for the metal phase of stony meteorites and are 
calculated by adjusting the sum of these three metals to 100 per 
cent. For reasons given previously, no averages calculated for the 
stony-irons are given in Table 1.3. 

The most conspicuous feature of all meteorites, as far as their 
chemical composition is concerned, is the fact that they are almost 
completely devoid of water. In this respect they differ from all 
rocks of terrestrial origin. The compai'ison of the analyses of the 
metal-free chondrites and the achondrites given in Table 1.3 show T s 
that the chondrites are considerably low T er in alumina, lime, and 
silica than are the achondrites. This condition is responsible for the 
greater abundance of the calcium-aluminum pyroxenes and for the 
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anorthitic composition of the plagioclase in the achondritie stony 
meteorites. 

It should also be noted that the meteorites represent an appreci- 
ably more reducing environment than do the terrestrial rocks. This 

TABLE 1.3 

Average Chemical Composition of Meteorites 


Constituent 

Irons 

(Fab- 

RING- 

ton) 

Irons 

(Bxjdd- 

hue) 

Irons 

(Brown 

AND 

Patter- 

son) 

Metal 

Phase 

op 

Stones 

(Brown 

and 

Patter- 

son) 

Chondrites 

(Merrill) 

Achondrites 

(Washington) 

Sili- 

cate 

Phase 

of 

Stones 

(Brown 

and 

Patter- 

son) 

Metal- 

bearing 

Metal- 

free 

Metal- 
bear mg 

Metal- 

free 

Per Cent 

Fe 

90 67 

S9 70 

90 7S 

88 5S 

12.15 


1.18 


13.25* 

FeO 





14 79 

17 15 

15.86 

16.11 


Ni 

S 50 

9 10 

S 59 

10 69 

1 57 


0 33 



XiO. 









0.50 

Co. . 

0 59 

o m 

0 63 

0 71 

0 07 


0.04 



CoO 









0.03 

Cu . . . 


0 04 








Si0 2 . . . 





39.24 

45.52 

48.93 

49.70 

46.26 

AlaO, 





2 92 

3.40 

6.15 

6.25 

3.45 

CrjOs 





0 48 

0 54 

0 45 

0.46 

0 51 

MnO 







0 23 

0.23 

0.38 

MgO 





22.99 

26.70 

18 17 

18.45 

27.56 

CaO. 





2 45 

2 84 

7.12 

7 24 

2.90 

XaaO. . - 





0 89 

1.03 

0.67 

0.68 

1.10 

k 2 o 





0.21 

0.24 

0.27 

0 27 

0.25 

s 

0 04 

o.os 



1 S2 

2 10 

0 54 

0.55 


p 

0 17 

0.1S 





0.06 

0 06 

0.17 

P 2 0 5 





0 27 

0 31 




T£0 2 









0 15 

c 

0 03 

0.12 



0.15 

0 17 




h 2 o 









0.59 

Misc. . 


0.34 








Total. .. 

100 00 

100.18 

(100.00) 

(99 98) 

100 00 

100.00 

100 00 

100.00 

(97.10) 


* From FeO and FeaOs. 


fact is indicated by the universal presence of unoxidized nickel-iron 
even in the aerolites. The iron present in the silicate structures is 
mostly ferrous iron, and the proportion of ferric iron is decidedly 
smaller than in terrestrial rocks. Another proof of the low redox 
potential is the presence of such minerals as schreibersite, oldhamite, 
iawrencite, etc., which, under the conditions prevailing in the litho- 
sphere, would be oxidized to phosphates, sulfates, ferric oxide, etc. 
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The average mineralogical composition of iron meteorites, chon- 
drites, and achondrites is presented in Table 1.4, based on the 
values of Table 1.3. Table 1.4 is from Daly (1943). 

THE SULFIDE PHASE OF THE METEORITES 

The petrographic description of the meteorites shows that the sili- 
cate meteorites, irons, and stony-irons also contain sulfides, viz., old- 
hamite, daubreelite, and troilite. Among these meteorite minerals, 
oldhamite occurs as an accessory constituent and only in the form of 

TABLE 1.4 

Average Mineralogical Composition of Meteorites 


Meteorite 

Mineral 

Irons 

Chondrites 

Achondrites 

Metal- 

bearing 

Metal- 

free 

Metal- 

bearing 

Metal- 

free 

Per Cent 

Free metal 

98 34 

10 58 


1.57 


Olivine 


42.31 

47.34 

12.82 

13.03 

Pyroxenes . ... 


28 91 

32 40 

62.25 

63 24 

Anorthite 


3 34 

3.73 

13.23 

13.44 

Albite ... 


7.37 

8.20 

5.83 

5.92 

Orthoclase . 


1 11 

1.24 

1.69 

1.72 

Troilite 

0.12 

5 01 

5 58 

1.53 

1.55 

Schreibersite 

1 12 



0.40 

0.41 

Chromite 


0 70 

0 78 

0 68 

0 69 

Cohenite 

0 42 





Apatite 


0.67 

0.73 



Total 

100.00 

100.00 

100.00 

100.00 

100.00 


separate grains scattered throughout the stony mass. Troilite, how- 
ever, is met in all types of meteorites as small rounded or oval- 
shaped aggregates and is usually accompanied by schreibersite 
and daubreelite. The size of these globules amounts mostly to a few 
millimeters or a couple of centimeters in diameter, but sometimes 
they can reach considerably greater dimensions. The iron sulfide 
found in the globules never forms separate meteorites where it would 
occupy the entire mass. The reason for the nonexistence of pure 
sulfide meteorites apparently lies in the fact that iron sulfide would 
be completely oxidized in the Earth’s atmosphere during the flight of 
the meteor, because of the heating-up of the body by friction against 
the air. Consequently, the meteor would be completely con- 
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sumed before reaching the Earth’s surface. Troilite can evidently be 
preserved only under a metal or silicate cover. Thus, it is not known 
whether pure troilite meteorites exist at all. However, the fact may 
be emphasized that there is no evidence favoring the assumption 
that the sulfide and iron phases of meteoroids would be quantita- 
tively comparable with each other. 

AVERAGE COMPOSITION OF ALL METEORITES 

As pointed out previously, the present views of the relative terres- 
trial and cosmic abundance of the elements are based, in large part, 
on the information concerning the mean composition of all me- 
teorites. The composition representing the entire meteoritic matter 
can be calculated if the averages for the different meteorite types are 
known and if the relative abundance of these types can be estimated 
in addition. A review of the average composition of the most im- 
portant meteorite groups has been given on the foregoing pages. The 
relative abundance of the meteorite types given in this classification 
will be estimated next. A problem of fundamental importance 
is the estimation of the abundance relationships of the iron and 
stony meteorites. The stony-irons, being composed of metal plus 
silicate, will not be treated separately in the following discussion. 

The inspection of meteorite collections and catalogues reveals the 
fact that the known iron meteorites are far more numerous than are 
the stones. This result is based on the grand total of all known me- 
teorites, regardless of whether they have been actually observed to 
fall or have been found and later recognized to be meteorites. How- 
ever, the experience shows that the iron meteorites, owing to their 
unusual appearance, are likely to attract more attention from lay- 
men and also from the scientists not too familiar with meteorites 
than are the ordinary-looking stones. Accordingly, it is evident 
that more iron meteorites than others have been reported to scien- 
tists and brought to museums. Consequently, the true abundance 
of Irons and stones cannot be calculated from all known meteorites 
but only from those that have actually been observed to fall. 

Besides the number of the observed meteorite falls, the mass of 
the individual meteorites must also be taken into account. On the 
basis of the falls recorded, Bergstrom (1937) and Watson (1941) give 
lists of the abundance of the various meteorite types as shown in 
Table 1.5. 

The figures reported by Borgstrom and Watson show certain 
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inconsistencies, the source of which is apparently the degree of 
completeness of the available data. However, their estimates show 
that the stones are by far the most abundant of all meteorite types. 
Because the average mass of an iron meteorite is nearly twice the 
mass of a stone, it is not possible, according to Watson, to obtain a 
true value of the ratio between falling stones and irons. He estimates, 
however, that the stones are from four to nine times as abundant as 
the irons. Similarly, Goldschmidt (19376) assumed the ratio of 
stones to irons to be 5:1. According to Nininger (1938), the ratio 
of aerolites to siderites is 86 : 14, or approximately 6:1; but some me- 
teorite types, which have previously been regarded as very rare, may 


TABLE 1.5 

Abundance of Meteorite Types 


BorgstrOm 

Watson 


Per Cent 


Per Cent 

Type 

by Weight 

Type 

by Weight 

Irons . . . . 

S 1 

Irons. . . . 

5 

Mesosiderites and pallasites 

5 0 

Stony-irons ... 

1 5 

Chondrites. . 

S3 0 

Stones . .... 

93 5 

Magnesium-rich achondrites 

0 9 



Calcium-rich achondrites 

3 0 

Total 

100 0 

Total 

100 0 

i 



be much more abundant, possibly so much that the correct knowl- 
edge of their amount would affect the average composition of all 
meteorites. For the simple reason that such types are more difficult 
to recognize, even by trained scientists, they are considered less 
abundant than they really are. 

A number of calculations of the average chemical composition 
of all meteorites is presented in literature. They have been made 
with due consideration of the most probable values of the abundance 
ratios of the metal and silicate phases in meteorites. Of such calcula- 
tions, only those put forward by Goldschmidt (19876) and Watson 
(1939, 1941) are presented here (Table 1.6). Additional abundance 
values for the trace elements of the meteorites will be given in 
Table 2.3. Goldschmidt’s calculation is based on the following 
abundance ratio — silicate : metal : sulfide = 10:2:1. The individual 
figures in Goldschmidt’s averages were obtained from various 
sources and were checked by means of his own data. Watson’s 
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calculations are based on the mean composition of stony meteorites 
given by Merrill (1930) and on that of irons presented by Noddack 
and Noddack (1930), 5 per cent troilite being subtracted from their 
figures. 

TABLE 1.6 

Average Composition of All Meteorites 


Element 

Ratio op Stones to Irons 

4 1 

Watson 

(1939) 

5 1 

Goldschmidt 

1 (1937&) 

9 1 

Watson 

(1941) 

Per Cent 

0 

29 00 

32 30 

32.70 

Si. . 

14 40 

16 30 

16 28 

Fe . 

38.00 

2S 80 

31 S5 

Mg 

11 00 

12 30 

12 S8 

g 

1 90 

2 12 

1 S7 

A1 

0 61 

1 38 

0.68 

Ca . 

1 10 

1 33 

1 IS 

Ni .. 

2 80 

1 57 

2 OS 

Na . . . 

0.24 

0.60 

0.27 

Cr 

0.12 

0 34 

0 12 

K. 

0 06 

0 15 

0 06 

Mn. 

0 15 

0 21 

0.16 

Cl . 

0 02 

0 10-0 15? 

0 03 

F. . 

0 11 

0.11 

0 10 

Ti . . 

0 08 

0 13 

0 09 

Co .... 

0 22 

0.12 

0.18 

C 

0 14 

1 

0.03 

0 15 


The averages presented in Table 1.6 give a general view of the 
mean composition of meteorites. The differences among the three 
analyses also indicate the degree of accuracy obtained in the calcula- 
tion. The principal uncertainty affecting all estimates of the aver- 
age composition of the meteorites is due to difficulties in the de- 
termination of the relative amounts of the meteorite phases. 

APPENDIX: TEKTITES 

Certain glassy bodies are found in various parts of the world in 
Quaternary and Tertiary deposits. These bodies, apparently irrele- 
vant to the sediments in which they lie imbedded, are rounded, 
oblong, or more irregularly shaped, and their forms seem to imply 
an origin through solidification from a viscous melt. These bodies, 
which are called tektites, measure usually only a few centimeters in 
diameter. Their origin is still problematic, and different hypotheses 
30 



COMPOSITION AND STRUCTURE OF METEORITES 


have been presented to account for them. However, the extra- 
mundane origin of the tektites seems to be very possible, although 
no conclusive evidence has, so far, been adduced. 

Petrographically, the tektites consist almost exclusively of glass, 
containing only minute amounts of crystallites. Chemically, they 

TABLE 1.7 

Average Composition of Tektites 


Constituent Per Cent 

Si0 2 77.29 

AI 2 O 3 11.07 

(FeJVln)O. . . . . 3.21 

MgO 0.99 

CaO . 2.21 

Na 2 0 0 .45 

K 2 O . 2.48 

Total 97.70 


differ pronouncedly from the meteorites proper and from terrestrial 
igneous rocks as well. They resemble, in some respects, the alumi- 
num-rich argillaceous sediments. An average of twelve individual 
tektite analyses, calculated by Linck (1924), is presented in Table 
1.7. On the average, the content of silica and alumina is higher in 
tektites than in terrestrial igneous rocks and argillaceous sediments. 
The presence of an excess of alumina, as compared with lime and 
the alkalies, is evident. 
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ABUNDANCE OF ELEMENTS 
AND NUCLIDES 

ABUNDANCE CALCULATIONS 

T HE Sial crust, which is the surface layer of the silicate shell of 
the Earth (the lithosphere), is composed of three groups of rocks 
of different origin: igneous rocks, sediments and sedimentary rocks, 
and metamorphic rocks. The last-mentioned rocks are either of mag- 
magenic or of sedimentogenic origin and are, like the sediments, 
formed of material ultimately produced by igneous rocks. Conse- 
quently, the average chemical composition of the Sial crust is very 
nearly equal to the average composition of igneous rocks. It is true 
that, by the processes of weathering and the formation of sediments, 
some oxygen, water, and carbon dioxide are removed from the at- 
mosphere and hydrosphere and correspondingly modify the compo- 
sition of the upper lithosphere; but experience has shown that the 
amounts in question are, quantitatively, rather unimportant and 
may accordingly be neglected when the average chemical composi- 
tion of the upper lithosphere is calculated. 

The first attempt to calculate the chemical composition of the 
Earth’s crust on the basis of the composition of the igneous rocks was 
made by Clarke (1889). He calculated the mean composition of 880 
igneous rocks from various countries. Later, Clarke and Hillebrand 
(1897) calculated a new average, using analyses of 680 American ig- 
neous rocks, and Harker (1899) based an average on 397 British ig- 
neous rocks, followed (1904) by another average calculated from the 
analyses of 536 igneous rocks of Great Britain. All these averages, 
however, were unreliable because many old and doubtful analyses 
were used in their calculation and the number of the analyses aver- 
aged was rather low. New averages were accordingly calculated and 
published by many geologists. Washington (1903) averaged 1,811 
rock analyses from all parts of the world, and Clarke offered new re- 
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vised averages in the successive editions of his book The Data of 
Geochemistry . Daly (1910, 1914) also presented a new value for the 
average composition of igneous rocks. 

The most prominent among the new calculations is the average 
presented by Clarke and Washington (1922, 1924), which was based 
on 5,159 analyses of igneous rocks from all parts of the world. They 
also gave areal averages for the composition of the Earth’s crust in 

TABLE 2.1 

Chemical Composition of the Lithosphere 
Analysis of Opdalite 


Constituent 

Igneous 
Rocks 
(Clarke 
and Wash- 
ington) 

CORDIL- 

LERAN AND 

Appalach- 1 

IAN 

Rocks 

(Knopf) 

Pre-Cam- 

brian 

Rocks of 
Finland 
(Seder- 
holm) 

Igneous 

Rocks 

(Vogt) 

' 

Canadian 
! Shield 
(Grout) 

Glacial 
and Post- 
Glacial 

1 Clays of 
Norway 
(Gold- 
schmidt) 

Opdalite, 

Southern 

Norway 

(Gold- 

schmidt) 

Per Cent 

S1O2 

59.14 

61 64 

67.45 

64.9 

63 08 

59.19 

61.95 

AI2O3 

15 34 

15 71 

14 63 

15.55 

16.75 

15. S2 

15 30 

F62O3 

3.08 

2 91 

1 27 

2.15 

2 38 


0 94 

FeO 

3 80 

3 25 

3 13 

2.5 

2 91 

> 0 . yy 

4 57 

MgO 

3 49 

2.97 

1 69 

2.45 

1 78 

3 30 

4 10 

CaO 

5 08 

5.06 

3 39 

4 3 

4.07 

3.07 

4 66 

Na 2 0 

3 84 

3.40 

3 06 

3 45 

3 64 

2 05 

3 43 

K 2 0 

3.13 

2 65 

3.55 

3 65 

3.07 

3.93 

3.37 


96.90 

97 59 

98.17 

98.95 

97 68 

94 35 

98.32 

H 2 0 

1 15 

1 26 

0.79 


0 79 

3.02 

0.55 

m 

1.05 

0.73 

0.41 

0 55 

0 81 

0 79 

0.96 

P 2 0 5 

0.30 

0 26 

0.11 

0 175 

0 22 

0 22 

0.16 

MnO 

0.12 

0 16 

0.04 


0 02 


0.07 

Total 

99.52 

100.00 

99.52 

99.675 

99.52 

98.38 

100 06 


different countries and continents. Their calculation, even today, is 
used as a basis of various geochemical considerations. It is presented 
in Table 2.1. 

As far as information was available, Clarke and Washington also 
collected and published evidence concerning the abundance of many 
other elements not included in the average. Their results laid the 
basis of the fact already known qualitatively, viz., that eight ele- 
ments constitute the bulk of the upper lithosphere. These main ele- 
ments are oxygen, silicon, aluminum, iron, calcium, sodium, potas- 
sium, and magnesium. When calculated as elements, the values 
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of Clarke and Washington presented in Table 2.1 yield the com- 
position for the igneous rocks shown in Table 2.2, which also 
shows the composition, in per cent by volume, as recalculated by 
Barth (1948) on a water-free basis. 

All other elements, called, as a group, accessory or minor or trace 
elements, form only 1.72 per cent of the total mass of the igneous 
rocks. The most abundant among them, viz., titanium, phosphorus, 
hydrogen, and manganese, comprise 1.13 per cent, and consequently 
no more than 0.59 per cent is left for by far the greatest part of the 
elements. 


TABLE 2.2 

The Eight Main Constituents 
of Igneous Rocks 


Element 

Per Cent 
by Weight 

Per Cent 
by Volume 

0 

46.42 

91 83 

Si 

27 59 

0 83 

Al 

8 08 

0 79 

Fe 

5.08 

0.5S 

Ca 

3 61 

1 50 

Na 

2. S3 

1 64 

K 

2.58 

2 19 

Mg 

2.09 

0 58 

Total 

98.28 

99.94 


All the calculations outlined above were based on the assumption 
that the arithmetic mean of all analyses would give a reliable picture 
of the chemical composition of the outermost crust of the Earth, 
often called the ten-mile crust. However, even the earliest aver- 
ages met with well-grounded criticism. Harker (1899) was the first to 
emphasize the fact that the principles of selection of the analyzed 
samples may disturb the values and that no selection should be ex- 
ercised. Mennell (1904) pointed out that the relative abundance of 
the different rock classes must be duly considered. He also stressed 
the preponderance of granite in the Earth’s crust and claimed that in 
the calculations of Clarke and Harker basic rocks had received ex- 
cessive weight. In a later paper Mennell (1909) laid further stress on 
his viewpoint and emphasized the fact that exceptional types are 
largely represented by analytical data among rocks of all classes. 
Daly (1910) also emphasized the abundance of granites in the Earth’s 
crust. 
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Loewinson-Lessing (1911) found all previous results arbitrary be- 
cause the method was wrong in principle and because the relative 
quantities of the igneous rocks had not been considered in the aver- 
age calculations. He also suggested that the Earth’s crust was de- 
rived from two fundamental magmas, a granitic and a basaltic one, 
present in approximately equal amounts, and that the average com- 
position of the igneous rocks and probably that of the entire outer part 
of the crust corresponded nearly to a syenitic magma. Mead (1914) 
concluded that igneous rocks collected for petrographic purposes 
would include too many unusual and interesting rock types to give 
a true average, and he suggested that a mixture of 65 per cent aver- 
age granite and 35 per cent average basalt had a composition very 
close to the general average of all igneous rocks as computed by 
Clarke. 

In the meantime, Clarke (1916) had already noted the criticism 
and had stated that the whole land surface of the Earth must be con- 
sidered in order to get a true average. The first attempt to calculate 
an average based on the quantitative distribution of rocks was made 
by Knopf ( 1916 ). He calculated the average chemical composition of 
Appalachian and Cordilleran rocks, based on Daly’s averages, by 
dividing the area occupied by the various types by the total area of 
igneous rocks. This gave a weight factor, which was used to multiply 
the average composition of the rock species, and thus the percentage 
contribution of the species to the composition of the average igneous 
rock was obtained. The average thus calculated by Knopf is pre- 
sented in Table 2.1. 

Still stronger criticism with reference to the method of simply 
averaging analyses of igneous rocks was offered by Sederholm (1925), 
who also emphasized that in such calculations the differences in the 
distribution of the rocks passed unnoticed. Sederholm pointed out 
that it is natural, because of human curiosity, for the petrographers 
to pay considerably more attention to rocks of extraordinary minera- 
logical and chemical composition and of restricted occurrence, e.g., 
alkalic and hypabyssal rocks. Consequently, such rocks, in calcula- 
tions carried out according to the method of simple averaging used 
by Clarke and Washington, affect the result more than their actual 
distribution would demand. 

In order to establish the special chemical characteristics of the 
Basement Complex of Finland, as compared with the upper litho- 
sphere as a whole, Sederholm carried out the calculation of the aver- 
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age chemical composition of the Earth’s crust of Finland at that 
time. He used the general geological map of Finland to determine the 
distribution of the most important types of rocks and calculated 
their average composition on the basis of chemical analyses available. 
In his averages were also included the figures for met amorphic rocks, 
e.g., schists, quartzites, and limestones. The result obtained by 
Sederholm is presented in Table 2.1. 

Referring to the viewpoints repeatedly discussed above, Vogt 
(1931) presented a new calculation of the average composition of 
plutonic rocks, which is given in Table 2.1. This average was calcu- 
lated partly on the basis of the mean chemical composition of the 
various types of igneous rocks presented by Daly (1914) and partly 
on the basis of Vogt’s own computations. In his average Vogt used 
amounts of plutonic rocks wdiich were proportional to the relative 
distribution of their masses. 

Still another average was calculated by Goldschmidt (1933a), 
based on the composition of samples furnished by Nature herself, 
viz., 78 Glacial and post-Glacial clays from Norway, formed mainly 
by mechanical disintegration. The use of such material was consid- 
ered by Goldschmidt to be legitimate because by far the greatest part 
of the argillaceous material had been formed by the disintegration of 
igneous and metamorphic rocks and thus represented, as such, the 
average composition of the geological units in question and because 
chemical weathering had played only a subordinate role in their for- 
mation. Goldschmidt’s average is given in Table 2.1. 

Grout (1938) published a preliminary estimate of the composition 
of the Earth’s crust in the Canadian Shield. In his average, as in that 
of Sederholm, sedimentary and metamorphic rocks of the area were 
also included. The result indicates a granodioritic composition, but 
it is possible that too much attention has been paid to rocks of 
granitic composition. 

If the values presented in Table 2.1 are compared with one an- 
other, a well-pronounced difference is found to exist between Seder- 
holm’s average and that calculated by Clarke and Washington. The 
Earth’s crust in Finland is considerably more silicic than the Sial 
crust, on an average, and corresponds most nearly to the average 
composition of granodiorite. This is due mainly to the fact that 
granite is the prevalent plutonic rock and that extensive areas of 
plateau basalts and of basaltic rocks in general are absent in the pre- 
Cambrian formations of Finland. These rocks, on the other hand, are 
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rather common in geologically younger formations and constitute a 
notable part of all igneous rocks, being the most abundant among 
basic rocks. According to Sederholm, it is probable that the scarcity 
of basaltic rocks is a phenomenon proper to all pre-Cambrian ter- 
ranes because of their deeper-reaching denudation. Acidic igneous 
rocks of granitic and granodioritic composition predominate, as a 
rule, in the root zones of mountain chains. Their melts are produced 
from the parental magma by directed pressure and movements, but 
they may also result in granitization. 

The averages calculated by Knopf, Vogt, and Grout are also more 
silicic than that given by Clarke and Washington, although the dif- 
ference is less pronounced than in the previous case. If the average 
calculated by Goldschmidt is compared with that given by Clarke 
and Washington, only the content of calcium and sodium is found 
to be materially different. This is due to the extraction of these 
metals during the weathering processes, one of the most important 
geochemical phenomena connected with their cycles. The other dif- 
ferences are rather unimportant, and hence Goldschmidt’s average 
corresponds closely to the mean chemical composition of the upper 
lithosphere. 

An igneous rock which corresponds in its chemical composition to 
the average calculated for the upper lithosphere is opdalite from the 
Opdal-Indset in southern Norway. Goldschmidt (1933a) gives two 
chemical analyses of this rock, and their partial average is included in 
Table 2.1. 

Among the averages presented in this table, the values of Clarke 
and Washington, Knopf, and Goldschmidt are rather coherent, 
whereas those given by Vogt and Grout and especially the value cal- 
culated by Sederholm give a notably different picture of the compo- 
sition of the Sial crust. It is not easy to decide which of these values 
is to be preferred, and so far no general agreement about this point 
has been reached. However, it is possible that the average of Clarke 
and Washington represents a somewhat too basic composition and 
that the average composition of the uppermost part of the litho- 
sphere should consequently be more silicic. So far, this question can- 
not be finally settled, and hence their result, which is commonly used, 
will be applied also in this book when the whole Sial crust, or the 
average igneous rock, is dealt with. On the other hand, Sederholm’s 
value will be used when the composition of the Basement Complex 
both in pre-Cambrian and in younger orogenic zones is considered. 
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In all averages presented in Table 2.1, chiefly the eight principal 
elements of the Earth’s crust have been considered. This is due to the 
fact that these averages have been calculated solely on the basis 
of chemical rock analyses. Estimates of the amount of many trace 
elements were furnished earlier by Clarke (1889) and Yogt (1898, 
1899) and later by Clarke and Washington (1922, 1924); but most, 
if not all, of the numbers given by these scientists must now be con- 
sidered obsolete. Consequently, for many elements, they do not give 
too reliable a picture of the abundance. 

But, with the development of new physical and chemical methods 
for the determination of the elements, particularly optical and X-ray 
spectrochemical analysis and colorimetric and radioactivity methods, 
the distribution and the abundance of the trace elements became 
known in greater detail. The most important work in this respect was 
carried out by Goldschmidt, Hevesy, and Paneth and their numerous 
co-workers and by Xoddack and Noddack. Their work pertained to 
the determination of the abundance of the elements in the Earth’s 
crust and in the meteorites. The work of many astrophysicists has 
revealed much information concerning the abundance of the elements 
in the solar and stellar atmospheres. The methods of analysis of the 
quantitative chemical composition of stellar atmospheres, first de- 
veloped by American astrophysicists, are very much similar to those 
of spectrochemical analysis used for terrestrial material. All recent 
studies have, more or less, paid attention to the Periodic System as 
a whole, even the elements regularly met in low concentrations being 
included. 

The most recent review of the abundance of the elements was 
given by Goldschmidt (19376). The abundance numbers are given in 
Table 2.3, which is largely based on Goldschmidt’s values, completed 
with some more recent determinations. 1 

With the exception of columbium and tantalum, the abundance 
values in meteorites are quoted from Goldschmidt (19376), who in 
his calculation of the average composition of the meteorites used the 
abundance ratio silicate : metal : sulfide = 10:2:1 (see chap. 1). In 
addition, the presence of some elements in meteorites is noted ac- 
cording to Buddhue (19466). The abundance values in the solar at- 
mosphere are calculated from the values given by Russell, Dugan, 

I. T1 (Ahrens, 194:76); P (Conway, 1945); He (Goodman and Evans, 1944); Cb, Ta (Ran- 
kama, 1944, 194S c); X, Xe, A (Lord Rayleigh, 1939); Co, Ni, Cu, Mo, Cd (Sandell and 
Goldich, 1943); W (Sandell, 1948); Hg (Saukov, 1946); Cl, Br (Selivanov, 1940); F (Wasser- 
stein, 1947); Sr (Wiekman, 1948); Zn (calculated from Lundeg&rdh, 1947). 
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TABLE 2.3 


Abundance of the Elements in Igneous Rocks, 
in Meteorites, and in the Sun’s Atmosphere 
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500. 

57 6 

13 . 

A1 

81,300 

30 5 

13,800 

8 79 

60. 

6 2 

14 . 

Si 

277,200 

100 

163,000 

100 

1,000. 

100 

15. . 

P 

1,180 

0 38 

1,050 

0 58 

6 3: 

0.027. 

16 . 

S 

520 

0 16 

21,200 

1,000-1,500: 

11 4 

16 : 

1 4: 

17 . 

Cl 

314 

0 09 

0 4-0 6: 

Absent 

18 .. 

A 

0 04 

0 00001 

Present? i 

Absent 

19 

K 

25,900 

4 42 

1,540 

0 69 

250.: 

17 9. 

20 . 

Ca 

36,300 

9 17 

13,300 

5 71 

200 

14 0 

21 . .. 

Sc 

5 

0 0011 

4 

0 0015 

0 2 

0 0124 

22 . 

Ti 

4,400 

0 92 

1,320 

0 47 

8. 

0 47 

23 . 

V 

150 

0 030 

39 

0 013 

5 

0 27 

24 .. 

Cr 

200 

0.039 

3,430 

1 13 

25 

1 35 

25 

Mn 

1,000 

0 18 

2,080 

0 66 

40 

2 05 

26 

Fe 

50,000 

9.13 

28S,000 

1,200 

89 1 

1,000. 

50 13 

27 . 

Co 

23 

0 004 

0 35 

25 

1 19 

28 . 

Ni 

80 

0 014 

15,680 

4 60 

60. 

2 86 

29 . 

Cu 

70 

0.011 

170 

0 046 

6 

0 26 

30 .. 

Zn 

132 

0 020 

138 

0 036 

5 

0 21 

31 

Ga 

15 

0 0022 

4 2 

0 00084 

0 006: 

0 00024: 

32 

Ge 

7 

0 00095 

79 

0 0188 

0 08 

0.0031 

33 

As 

5 

0 00067 

! Present 

Absent 

34 .. 

Se 

0 09 

0 000012 

7 

0 0015 

Absent 

35 .. 

Br 

1.62 

0 00020 

20 

0 0043 

Absent 

36 . 

Kr 





Absent 

37 . 

Rb 

310 

0.036 

S 5 

0 00068 

0 004: 

0 00013: 

38 . .. 

Sr 

300 

0.035 

20 

0 0040 

0.16 

0 005 

39 .. 

Y 

28 1 

0 00307 

4 72 

0.000974 

0 03 

0 0009 

40 

Zr 

220 

0 026 

73 

0 0139 

0 03 

0 0009 

41 . 

Cb 

24 

0 0026 

0 41 

0.000076 

0 001: 

0.00003: 

42 .. 

Mo 

2 5-15 

0 OOOS-O 0016 

5.3 

0 00095 

0 0025 

0 00007 

43 . . . 

Tc 

Presence unsettled 



Presence unsettled 

44.... 

Ru 

Present 

2 23 

0 00036 

0 005 

0 00014 

45 

Rh 

0 001 

0 00000010 

0 80 

0 00013 

0 0003 

0 000008 

46 .. . 

Pd 

0 010 

0 0000009 

1 54 

0 00025 

0 0013 

0 00003 

47 .. . 

cl 

0 10 

0 000009 

2 0 

0 00032 

0 001 

0 000026 

48 .. . 

0 15 

0 000013 

| Present 

0 016 

0 0004 

49 ... 

In 

0.1 

0 000007 

0 15 

I 0.000023 

0 0001: 

0 0000026: 

50 .. . 

Sn 

40 

0 00343 

20 

0 00291 

Probab! 

present 

51 .... 

Sb 

1: 

0 000083: 

\ Present 

0 0008: 

| 0.000018: 

52... . 

Te 

0 0018: 


0 1: 


Absent 

53 .... 

I 1 

0 3 

0 000024 

1 

0 000136 

Absent 

54 

Xe 





Absent 

55 . . 

Cs 1 

7 

0 00053 

0 08 

0 000010 

Absent 

56 . 

Ba 

250 

0 018 

6 9 

0 000S3 

0 25 

0 005 

57 . . 

La 

18 S 

0.00128 

1 58 

0 000208 

0 008 

0 00017 

58 . 

Ce 

46 1 

0 00321 

1 77: 

0 000232: 

0 04 

0 0008 

59 , 

Pr 

5 53 

0 000389 

0 75 

0 0000964 

0 0006. 

0 000012: 

60.. .. 

Nd 

23 9 

0 00162 

2 59 

0 000331 

0 016 

0 0003 

61 

Pm 

Presenc 

unsettled 



Presence unsettled 

62 . .. 

Sm 

6 47 

0 000419 

0 95 

0 000115 

0 005 

0.000093 

63 

Eu 

1 06 

0 000068 

0 25 

0 000028 

0.004: 

0 000074: 
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* : = Uncertain value. 

t Considerably higher content in sedimentary rocks. 
% ? = More doubtful value. 
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TABLE 2.3 — Continued 
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and Stewart (1938), completed with the information presented by 
Russell and Moore-Sitterly (1943). Stromgren (1940) has calculated 
the abundance of H, Mg, Ca, Na, and X in the solar atmosphere. If 
his values are recalculated on the basis of atoms per 100 atoms of 
silicon, and if the H:He abundance ratio is supposed to be 5:1, the 
values given in Table 2.4 are obtained. This table also contains, for 
the sake of comparison, the values for the abundance of the light ele- 
ments in the atmosphere of the star r Scorpii given by Unsold (1941). 
With reference to the elements announced to be absent in the Sun, 
only Re, Tl, and Bi are really absent, whereas in the case of Cs, As, 
Hg, Te, Se, I, Br, Xe, Cl, Kr, A, and Ne the high excitation potential 
of the accessible spectrum line is the cause of conditions unfavorable 
for their appearance in the solar spectrum; and in the case of the 
radioactive elements Po, Rn, Ra, Ac, and Pa the abundance is too 
low (Russell and Moore-Sitterly, 1943). 

The values for some elements, e.g., Te, Sb, and W, are still unre- 
liable. Most of the abundance determinations are based on composite 
mixtures of igneous rocks. However, many elements which are not 
known to be present in volcanic emanations have been determined 
in composite mixtures made of argillaceous sediments, because the 
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amounts present therein are certainly derived from disintegrated 
igneous and nietamorphic rocks. This is the case with the following 
elements: Be, Sc, Ga, Ge, Y, La, the rare-earth metals, Hg (upper 
limit), and Tin 

The investigation of the abundance relationships of the elements 
on the basis of the values given in Table 2.3 reveals a picture which 
differs in many respects from the conventional opinion in this matter. 
In everyday practice the commonness or the rarity of a given element 
is usually mistaken for the degree of its use in research laboratories 

TABLE 2.4 


Abundance of the Light Atoms in the Atmospheres 
of Sun and t Scorpii 
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Element 
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(Atoms per 100 Si) 
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Atoms per 100 Si 
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11 . . 
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12 . . 

Mg 
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K 
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20. 

Ca 

7 S | 



26 . . 

(Fe) 

| 

(560) 

(71 4) 


and technical products. However, it must be emphasized that the 
true terrestrial and cosmic abundance of an element in only a very 
few cases bears any relation to its commonness in everyday life. The 
use and the technical value of an element is affected both by its 
physical and chemical properties, which cause its usefulness for man, 
and by the possibilities of obtaining the element in noteworthy 
quantities and in the proper degree of purity from its ores. It is readi- 
ly understood that these demands depend decisively on the manner of 
occurrence of the element and on the ease with which it can be sep- 
arated from other elements accompanying it in Nature. An illustra- 
tive example of the discrepancy between the true and the apparent 
abundance is displayed by the metals cadmium and europium. Their 
abundance numbers, given in Table 2.3, show that europium, one of 
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the rare-earth metals, is approximately seven times as abundant as 
the technically important cadmium. Cadmium was discovered in 
1817 and europium as late as 1901. This fact and the more extensive 
knowledge of the chemical properties of cadmium is due to its com- 
mon occurrence in sphalerites, in which it is strongly enriched ; hence 

TABLE 2.5 


Order of the atomic Abundance of the 
Most abundant Elements 
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this metal is readily obtained from many sphalerite ores. Europium, 
on the contrary, is not noticeably concentrated in any mineral de- 
posits of technical importance. In addition, until recently its com- 
pounds could not be separated except by a long and tedious process 
of fractionating crystallization. Another example of the above con- 
siderations is furnished by hafnium, which is more abundant than 
either antimony or bismuth. 

The order of the atomic abundance of some of the most frequent 
elements in igneous rocks, meteorites, and the Sun’s atmosphere is 
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given in Table 2.5. The order in the Sun’s atmosphere is based on the 
abundance data given by Russell, Dugan, and Stewart (1988) ; that 
in the star r Scorpii is from Unsold (1941) ; and that in the nebula 
NGC 7027 is from Bowen and Wyse (1939). It should be noticed, 
however, that, in the last two instances, only the abundances listed in 
Table 2.5 were actually determined. The values presented in this 
table show that in igneous rocks — that is, in the uppermost parts of 
the lithosphere — the eight chief elements, as a matter of fact, occupy 
the first places, whereas in the meteorites the group of the ten most 
abundant elements also includes sulfur, nickel, and chromium. If the 
order of abundance in the upper lithosphere is compared with that 
in the meteorites, other notable differences will be observed, in addi- 
tion. This is readily understood because the meteorites display the 
true cosmic abundance of many elements in a much more satisfactory 
way than do the igneous rocks. According to the prevalent view, the 
outermost crust of the Earth was formed by a process of differentia- 
tion and, consequently, cannot represent the average chemical com- 
position of the Universe, not even that of the Earth in its entirety. 

The Earth, compared with the Sun, is notably poor in the atmo- 
phile elements. This fact strongly suggests that vast amounts of gases 
escaped from the primordial atmosphere of the Earth. The order of 
the atomic abundance of the elements given in Table 2.5 shows that 
the general chemical composition of the Sun and the Earth is similar, 
however, with the exception of hydrogen and helium, which are 
enormously more abundant on the Sun. Russell (1929) was the first 
to emphasize the high cosmic abundance of hydrogen. According to 
Biermann (1943), the most probable composition of the Sun is as 
follows : 

Per Cent 


Hydrogen 55 

Helium 11 

Metals ; 0.25 

Carbon, nitrogen, oxygen, fluorine, neon ~34 


The light elements, up to nitrogen or oxygen, in general are con- 
siderably more abundant in the Sun than in the Earth, but the rela- 
tive proportions of the metals are much alike. As stated by Russell 
(1935a), it is hard to find a single case showing that a given metal is 
more or less abundant in the Sun than on the Earth. As a matter of 
fact, the seven principal constituents of the upper lithosphere, with 
the exception of oxygen, form the bulk of the heavier elements in the 
Sun’s atmosphere as well. The relative proportions are not the same, 
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but the agreement would be better if comparison could be made with 
the deeper layers of the Earth’s crust. The abundance relationships 
seem to imply the possibility that the Earth is formed of solar mate- 
rial and that the light gases contained therein escaped before the 
rapid condensation of the Earth. 

With reference to the meteorites, Russell (1941) finds no difference 
in composition between them and the Sun’s atmosphere, as far as the 
metals are concerned. Most of the stars are very similar to the Sun 
in chemical composition, although in some stars there occurs a defi- 
nite excess of certain elements, e.g., carbon, silicon, sulfur, strontium, 
and zirconium. Molecules appear in the atmospheres of the cooler 
stars; they include, among others, C 2 , CH, CN, and CO. Evidently, 
the most abundant molecule is Ho, but its presence cannot be directly 
observed. It was first shown by Pavne-Gaposchkin (Payne, 1925) 
that stars belonging to the various spectral types display marked 
similarities in chemical composition and that, with reference to the 
heavier elements, their composition closely resembles that of the 
Earth’s crust. Unsold (1941) found the following percentage ratios of 
atomic abundance in the star r Scorpii: hydrogen : helium : all other 
elements = 85:15:0.24; this ratio is supposed to be valid for all 
main-sequence stars (Unsold, 19486). 

Although the chemical composition of the stars may be somewhat 
variable, some of the abundance differences may be caused by pecul- 
iar excitation mechanisms which affect the intensity of the lines in 
stellar spectra. The inevitable conclusion from the cosmic evidence 
is that all information available strongly suggests the stability of the 
abundance relationships in all parts of the Universe. 

The atomic abundance of some of the fighter elements, calculated 
per 100 atoms of silicon, in the upper lithosphere, in the meteorites, 
in the Sun’s atmosphere, in the atmosphere of the star r Scorpii, and 
in the gaseous nebula NGC 7027 are presented in Figure 2.1, which 
is drawn on the basis of values calculated from Tables 2.3 and 2.4 and 
the values given by Bowen and Wyse (1939). Figure 2.1 illustrates 
the fact that, in general, the courses of the abundance curves are 
comparable, with the exception of the curves representing the upper 
lithosphere and the meteorites. The deviations are readily explained 
by means of the recent information concerning the origin of the 
Earth and the meteorites. Another graph, which shows the atomic 
abundance of all elements in the Universe, constructed by Gold- 
schmidt (19376) on the basis of the values calculated for igneous 
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rocks, the meteorites, and the Sun's atmosphere, is presented in 
Figure 2.2. In this figure also the abundance is calculated per 100 
atoms of silicon. 

The graph reproduced in Figure 2.2 shows clearly that the cosmic 
abundance of the elements tends to decrease with increasing atomic 
number. Hydrogen, the lightest atom, is also the most abundant one. 



Fig. 2.2. — Cosmic abundance of the elements as a function of the proton number. Abscissa , 
proton number (Z). Ordinate , logarithm of the abundance (log S). 


However, some of the heavy atoms, viz., lead, thorium, and uranium, 
actually compare in abundance with many of the lighter elements. 
The reason is that lead is the stable decay product of the three natu- 
ral radioactive series of elements and therefore accumulates. The 
half-life of the uranium isotopes TJ 235 and U 23S and of the thorium 
isotope Th 232 is very long, and therefore these two metals decrease 
in quantity rather slowly. 

As already stated by Harkins (1917), the abundant elements are 
those of low atomic weight, with an atomic number less than 29. 
Thus the abundance of the elements is related to their atomic number 
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and not to their position in the Periodic Chart. The decrease in abun- 
dance, however, is not constant because the curve passes through a 
number of pronounced maxima and minima. Maxima are met, e.g., 
at iron, tin, and lead, and minima occur at fluorine, scandium, rheni- 
um, etc. Two very deep minima are present, one at lithium, berylli- 
um, and boron and the other at the rare radioactive elements. The 
first minimum is of high importance because it occurs in the begin- 
ning of the Periodic System, where the abundance of the elements 
usually is rather high. 

The curve in Figure 2.2 also shows the regularity known as the rule 
of Oddo and Harkins, which, with few exceptions, controls the abun- 
dance of the elements. It is based on the observation of Oddo (1914) 
that elements whose atomic weights, rounded off to their closest in- 
tegers, are divisible by 4 form the bulk (approximately 86.5 per cent) 
of the mass of the upper lithosphere. In like manner the theory of the 
structure and stability of atomic nuclei developed by Harkins and 
Wilson (1915) indicated that the elements with even atomic numbers 
should be more abundant than those with odd atomic numbers. The 
data supporting this rule were discussed by Harkins (1917), who 
found that the seven most abundant elements (0, Fe, Ni, Si, Mg, S, 
and Ca) in the meteorites, 443 of which were studied, are all even and 
that they make up 98.6 per cent of the meteoritic matter. The even- 
numbered elements w r ere found to be in every case more abundant 
than the adjacent odd-numbered elements, and, on an average, the 
former were about seventy times as abundant as the latter. The same 
rule was found by Harkins to be valid also in the Earth’s crust, al- 
though the evidence was poorer than in the meteorites, owing to the 
much more local character of the lithosphere. In any case, six of the 
first most abundant elements (O, Si, Fe, Ca, Mg, Ti) found therein 
are even and make up 85.74 per cent of the lithosphere, whereas the 
three odd elements (Al, Na, K) constitute only 12.77 per cent. In the 
upper lithosphere, hydrosphere, and atmosphere the even elements, 
on atomic percentage basis, are about ten times more abundant. 

Figure 2.2 shows the general validity of the rule of Oddo and Har- 
kins: The elements with even atomic number are nearly always more 
abundant than either of the two adjacent elements in the Periodic 
Table. According to Harkins (1931), in individual cases in which this 
is not true, the abundance of the element with even atomic number 
is greater than the arithmetic mean of the abundance of the two ad- 
jacent odd-numbered elements. The best illustration of the rule is 
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supplied by elements which are geochemieally coherent, i.e., those 
which are always found together in Nature. The best example of all 
is the group of the lanthanides. Their abundance relationships are 
presented in Figure 18.1. 

The fact that the chemically and geochemieally very coherent lan- 
thanides follow the rule of Oduo and Harkins shows that this rule 
is no selection principle, but a true physical law. The most pro- 
nounced exceptions to the rule are found in the Earth’s crust, where 
sodium ( Z = 11) is more abundant than magnesium (Z = 12) and 
aluminum (Z = 13) likewise more abundant than magnesium. The 
abundance of phosphorus (Z = 15) is higher than that of sulfur 
(Z = 16). Moreover, manganese (Z = 25) is more abundant than 
chromium (Z = 24). Additional exceptions, even though less pro- 
nounced, are displayed by certain other elements in the upper litho- 
sphere. As Harkins (1917) has already pointed out, certain groups of 
elements related in their physical and chemical properties are rela- 
tively more abundant in the upper lithosphere: sodium and potas- 
sium, the halogens, and aluminum are very much more abundant in 
the Earth’s crust than in the meteorites. The said exceptions, ac- 
cording to Eskola (J946), afford a most important proof of the fact 
that the lithosphere has actually been formed by an extensive differ- 
entiation process. 

THE ABUNDANCE AND STRUCTURE OF THE 
ATOMIC NUCLEUS 

Abundance is related to the fundamental laws of nuclear forces. 
The cosmic abundance of nuclides is dominated by their stability and 
evolution. The abundance of the stable nuclides depends, even 
though in a very complicated manner, on the nuclear binding energy. 
In addition, the abundance depends on the number of particles as- 
sociated with the nucleus, in particular on the sum of protons and 
neutrons (the mass number), and on the excess of neutrons in the 
nucleus. The abundance of a nonradioactive element also depends on 
the number of its stable isotopes. The importance of the mass number 
as a factor affecting the abundance is a result of the observation that 
the stability of the nuclides seems to be chiefly connected with their 
mass number. The notable differences which sometimes are observed 
between the abundance values of neighboring elements are caused 
by differences in nuclear binding energy. 

The abundance calculations discussed previously deal only with 
the elements. With reference to their chemical properties the nu- 
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elides constituting an element are closely, but not completely, alike. 
There are slight differences in the chemical behavior of the isotopes 
of an element, i.e., in the rate or extent to which certain chemical 
reactions take place. Such differences exist because the thermody- 
namic properties of the compounds of an element depend on the 
vibration frequence of the isotopic molecules. The vibration fre- 
quence, in turn, depends on the mass of the constituting atoms. In 
chemical reactions which take place in Nature, the isotopes of an 
element, owing to their different mass, may become separated from 
one another to a certain extent. It is evident that the abundance re- 
lationships of the elements are of prime importance for the geochem- 
ist, who studies his problem from a chemical point of view. However, 
the fact that the elements as such are not primary constituents, be- 
cause they usually are composed of a number of different isotopes, 
necessitates the study of the abundance relationships of the nuclides. 
The detailed knowledge of the abundance of the nuclides will aid in 
understanding and deciphering the abundance relationships of the 
elements. 

It must also be emphasized that the establishment of the abun- 
dance relationships of known nuclides, besides its importance in geo- 
chemistry, offers the nuclear physicist welcome experimental control 
of the theoretical calculations of the stability relationships of the 
nuclides. There exists between nuclear physics and geochemistry a 
contact zone in the abundance studies, and it is evident that here 
the two fields of study are able to contribute much to each other. 

SOME CONCEPTS AND DEFINITIONS PERTAINING 
TO THE ATOMIC NUCLEUS 

All nuclei are composed of positively charged protons and electri- 
cally neutral neutrons, both of which have masses approximately 
equaling one-sixteenth the mass of the oxygen atom. The number of 
protons in the nucleus is equal to the atomic number of the element 
in question in the Periodic Table. The letter Z is used to denote the 
proton number or the nuclear-charge number of the nucleus. On the 
other hand, the number of neutrons, X, or the neutron number, is 
independent of the atomic number. The mass number of the nucleus, 
A , is the sum of the number of protons and neutrons: 

A = Z + N . 

Therefore, 


N = A — Z . 
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Two of the three quantities, A, A 7 , and Z, consequently, will un- 
equivocally determine the third one. More than seven hundred 
nuclides are now known to exist. Most of them are radioactive and 
have been produced artificially. 

Atoms of the same element all have the same atomic number, Z, 
but they may have different weights (mass numbers, A ). They are 
called isotopes because they occupy the same position in the Periodic 
System. Atoms with the same mass number but with different atomic 
number are called isobars. Atoms with the same neutron number are 
called isotones. Examples of isobars, isotopes, and isotones are given 
in Table 2.6. 


TABLE 2.6 

Examples of Isobars, Isotopes, and Isotones 


Element 

Isobabs 

A = 96 

Element 

Isotopes 

Z = 44 

Element 

ISO TONES 

N =58 

Z 

N 

A 

N 

Z 

A 

Zt 

40 

56 

Ru 

96 

52 

Mo 

42 

100 

Mo . . . 

42 

54 

Ru 

98 

54 

Ru 

44 

102 

Hu 

44 

52 

Ru 

99 

55 

Rh 

45 

103 




Ru 

100 

56 

Pd .... 

46 

104 




Ru 

101 

57 

Cd 

48 

106 




Ru 

102 

58 






Ru 

104 

60 





In the abundance calculations presented in the previous para- 
graphs the proton number, Z, was used as a basis, and consequently 
the sum of the abundance of nuclides with the same atomic number 
was determined. Even though this manner of calculation is the most 
important one for general geochemical purposes, it characterizes the 
abundance only partially. From a nuclear-physical point of view the 
abundance calculations may as well be based on the mass number or 
on the neutron number, whereby the sum of the abundance of such 
nuclides will be given which have these numbers in common. A two- 
dimensional system of co-ordinates evidently does not suffice to give 
an unequivocal picture of the abundance of the nuclides. Only two 
of the three variables, A } A 7 , and Z, do not depend on each other. 
Consequently, two independent co-ordinates would be necessary for 
the graphical presentation of the abundance, supplemented by a 
third co-ordinate expressing the abundance given in a suitable unit. 
However, the conventional way to express the abundance is to use 
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a two-dimensional system of co-ordinates, as Goldschmidt (19376) 
did; abundance is thereby always chosen as one of the co-ordinates, 
and the other co-ordinate represents, in turn, the proton, the mass, 
and the neutron number. With reference to the proton number, the 
abundance curve is presented in Figure 2.2. Consequently, it is nec- 
essary only to construct curves for the mass and neutron number. 
However, the abundance of the nuclides of the various elements will 
be discussed first. 

ABUNDANCE OF THE NUCLIDES 

All stable nuclides occur in Nature along with a number of un- 
stable nuclides which have very long half-lives and their shorter- 
lived decay products. Radioactive decay and isotope fractionation 
cause changes in the abundance of the nuclides. 

In order to calculate the absolute abundance of the various nu- 
clides, the abundance of the elements and the relative abundance of 
their isotopes must be known. The facts pertaining to the elements 
have already been presented. The isotopic composition of the elements 
and the relative abundance of their isotopes are known. The relative 
abundance of the isotopes of stable and of the longest-lived unstable 
elements is given in Table 2.7, which is based mainly on the values 
given by Seaborg (1944). 

Three rules, of high importance for the geochemist, characterize 
the nuclides presented in Table 2.7 and Figure 2.3. They are: 
(1) the symmetry rule, (2) the shell rule, and (3) the isobar rule. 

The symmetry rule . — To a first approximation, the structure of the 
nuclei is symmetric in protons and neutrons. In stable nuclei with 
low atomic number the number of protons is approximately equal to 
that of neutrons. Consequently, their mass numbers are approxi- 
mately twice the proton number. This ratio increases from 2 to 2.6 
with increasing mass. This rule is illustrated by Figure 2.3, in which 
the disks and circles representing the various nuclides near the origin 
lie on both sides of the straight line that bisects the angle formed by 
the axes Z and A r . With increasing mass number the points depart 
from the bisector more and more toward the A r -axis. The explanation 
is that, when new protons and neutrons are added to the more simple 
nuclei, whose total charge is alw r ays positive, the electrically neutral 
neutron is incorporated into the nucleus more readily, because of the 
Coulomb repulsion between the positive proton and the nucleus. 

The shell rule . — The facts presented in Table 2.7 show that all 
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Relative Abundance of Isotopes of Stable and of 
Longest-lived Unstable Elements 


(Unstable Isotopes Are Represented by Italic A Values) 


z 

Element 

Symbol 

N 

A 

Relative Abundance 
(Per Cent) 

0 . . . 

Neutron 

n 

1 

1 


1 . 

Hydrogen 

H 

0 

1 

99 98 


Deuterium 

D 


2 

0 02 

2 

Helium 

He 

1 

3 

10 -6 




2 

4 

100 

3 

Lithium 

Li 

3 

6 

7.5 




4 

7 

92 5 

4 ... 

Beryllium 

Be 

5 

9 

100. 

5 

Boron 

B 

5 

10 

IS 83 




6 

11 

81 17 

6 . 

i Carbon 

C 

6 

12 

98 9 


I 


7 

13 

1.1 

7 

Nitrogen 

N 

7 

! 14 

99 62 




S 

. . 

1 15 

0 38 

S . 

Oxygen 

0 

8 

16 

99 76 




9 

! 17 

0 041 




10 

18 

0 20 

9 . . 

Fluorine 

F 

10 

19 

100. 

10 . . . 

Neon 

Ne 

10 

' 20 

90 00 




11 

21 

0 27 




12 

22 

9 73 

11 

Sodium 

Na 

12 

23 

100 

12. . . . 

Magnesium 

M g 

12 

24 

77.4 




13 

25 

11 5 

! 



14 

26 

11 1 

13. 

Aluminum 

A1 

14 

27 

100 

14 . 

Silicon 

Si 

14 

28 

92 28 




15 

29 

4 67 




16 

| 30 

3 05 

15 . . 

Phosphorus 

P 

16 

3! 

100. 

16 . 

Sulfur 

S 

16 

32 

95 1 




17 

33 

0 74 




18 

34 

4.2 




20 

36 

0.016 

17. . . 

Chlorine 

Cl 

18 

35 

75.4 




20 

37 

24.6 


52 



TABLE 2.7 — Continued 


z 

Element 

Symbol 

X 

A 

Relative Abundance 
(Per Cent) 

18 

Argon 

A 

18 

36 

0 307 




20 

38 

0 061 




22 

40 

99 632 

19 . 

Potassium 

K 

20 

39 

93 38 



! 

21 

A0 

0 012 



j 

22 

41 

6 61 

20 

Calcium 

Ca 

20 

40 

96 96 




22 

42 

0 64 




23 

43 

0 15 




24 

44 

2 06 




26 

46 

0 0033 




28 

48 

0 19 

21 

Scandium 

Sc 

24 

45 

| 100. 

22 

Titanium 

Ti 

24 

46 

7 95 




25 

47 

7 75 




26 

4S 

73.45 




27 

49 

5 51 




28 

50 

5.34 

23 

Vanadium 

V 

2S 

51 

100. 

24 . . 

Chromium 

Cr 

26 

50 

4 49 




28 

52 

83 7S 




29 

53 

9 43 




30 

54 

2 30 

25 

Manganese 

Mn 

30 

55 

100 

26 . . 

Iron 

Fe 

28 

54 

6 04 




30 

56 

91 57 




31 

57 

2 11 




32 

5S 

0 28 

27. . 

Cobalt 

Co 

32 

59 

100. 

2S ... 

Nickel 

Ni 

30 

58 

67 4 




32 

60 

26 7 




33 

61 

1 2 




34 

62 

3 8 




36 

64 

0 88 

29 

Copper 

Cu 

34 

63 

70 13 




36 

65 

29 S7 

30. . 

Zinc 

Zn 

34 

64 

50 9 




36 

66 

27 3 




37 

67 

3.9 




38 

6S 

17 4 




40 

70 

0 5 

31 . 

Gallium 

Ga 

38 

69 

61 2 




40 

71 

38. S 


53 



TABLE 2.7 — Continued 


z 

Element 

Symbol 

N 

A 

(Relative Abundance 
j (Per Cent) 

32. 

Germanium 

Ge 

38 

70 

i 21.2 




40 

72 

| 27.3 




41 

73 

t 7 9 




42 

74 

37 1 




44 

76 

6.5 

33 . { 

Arsenic 

As 

42 

75 

100. 

34 . . 

Selenium 

Se 

40 

74 

0.9 




42 

76 

9 5 




43 

77 

8 S 




44 

78 

24 0 




46 

80 

48.0 




48 

82 

9 3 

35... . 

Bromine 

Br 

44 

79 

50 6 




46 

81 

49.4 

36. .. . 

Krypton 

Kr 

42 

78 

0.35 




44 

80 

2.01 




46 

82 

11.53 




47 

83 

! 11 53 



! 

48 

84 

57.11 

i 



50 

86 

17 47 

37 

Rubidium 

Rb 

48 

85 

72 8 




50 

87 

27 2 

3S . . 

Strontium 

Sr 

46 

84 

0 56 




48 

86 

9.86 




49 

87 

7.02 




50 

88 

82 56 

39. .. . 

Yttrium 

Y 

50 

89 

100. 

40 .. . 

Zirconium 

Zr 

50 

90 

48. 



i 

51 

91 

11.5 




52 

92 

22. 




54 

94 

17. 




56 

96 

1.5 

41 

Columbium 

Cb 

52 

93 

100. 

42 . 

Molybdenum 

Mo 

50 

92 

14.9 




52 

94 

9.4 




53 

95 

16.1 




54 

96 ! 

16.6 




55 

97 1 

9.65 




56 

98 1 

24.1 




58 

100 ! 

9.25 

43 

Technetium 

Tc 

56 

99 ! 

! 


44 

Ruthenium 

Ru 

52 

96 

5.68 




54 

98 

2.22 




55 

99 

12.81 




56 


12.70 




57 1 

101 

16.98 




58 

102 

31.34 




60 

104 

18.27 


54 





TABLE 2.7 — Continued 


z 

Element 

Symbol 

N 

A 

Relative Abundance 
(Per Cent) 

45 

Rhodium 

Rh 

58 

103 

100. 

46 

Palladium 

Pd 

56 

102 

0 8 




58 

104 

9.3 




59 

105 

22 6 




60 

106 

27 2 




62 

108 

26 8 




64 

| 110 

13 5 

47 . 

Silver 

Ag 

60 

107 

51 9 




62 

109 

48.1 

48 . 

Cadmium 

Cd 

5S 

106 

1 4 




60 

108 

1.0 




62 

110 

12 8 



! 

63 

111 

13 0 




64 

112 

24.2 




65 

113 

12.3 




66 

114 

28.0 




68 

116 

7.3 

49 . ! 

Indium 

In 

64 

113 

4.5 




66 

115 

95.5 

50 . 

Tin 

Sn 

62 

112 

1.1 




64 

114 

0 8 




65 

115 

0.4 




66 

116 

15 5 




67 

117 

9.1 




68 

118 

22 5 




69 

119 

9.8 




70 

120 

28.5 




72 

122 

5 5 




74 

124 

6.8 

51... . 

Antimony 

Sb 

70 

121 

56. 



, 

72 

123 

44. 

52. . . 

Tellurium 

Te 

68 

120 

0.088 




70 

122 

2.43 




71 

123 

0 85 




72 

124 

4.59 




73 

125 

6.93 




74 

126 | 

18.71 




76 

128 

31.86 




78 

130 

34.52 

53.. . 

Iodine 

I 

74 

127 

100. 

54. . . 

Xenon 

Xe 

70 

124 

0.094 




72 

126 

0 .OSS 




74 

128 

1.90 




75 

129 

26 23 




76 

130 

4 07 




77 

131 

21.17 




78 

132 

26 96 




80 

134 

10 54 




82 

136 

8.95 

55 

Cesium 

Cs 

78 

133 

100. 


55 



TABLE 2.7 — Continued 


z 

Element 

Symbol 

N 

A 

Relative Abundance 
fPer Cent) 

56 

Barium 

Ba 

74 

130 

0 101 




76 

132 

0 097 




78 

134 

2 42 




79 

135 

6 59 




80 

130 

7 81 




81 

137 

11 32 




82 

138 

71 66 

57 . 

Lanthanum 

La 

82 

139 

100 

5S . . 

Cerium 

Ce 

S2 

140 

89. 




S4 

142 

11 

59 ... 

Praseodymium 

Pr 

82 

141 

100 

60 

Neodymium 

Nd 

82 

142 

25 95 




83 

143 

13 0 




84 

144 

22 6 




85 

145 

9 2 




86 

146 

16 5 




SS 

148 

6 8 




90 

150 

5 95 

61. . . 

Promethium 

Pm 

S6 

U7 


65. .. 

Samarium 

Sm 

82 

144 

3. 




S5 

147 

17. 




S6 

14S 

14. 




87 

149 

15. 




SS 

150 

5 . 




90 

152 

26 




92 

154 

20. 

63. ... 

Europium 

Eu 

SS 

151 

49.1 




90 

153 

50.9 

64. . . 

Gadolinium 

Gd 

S8 

152 

0 2 




90 

154 

2 S6 




91 

155 

15 61 




92 

156 

20 59 




93 

157 

16 42 




94 

158 

23 45 




96 

160 

20.87 

65 . 

Terbium 

Tb 

94 

159 

100. 

6G 

Dysprosium 

Dv 

92 

158 

0 1 




94 

160 

1.5 




95 

161 

22. 




96 

162 

24* 




97 

163 

24. 




9S 

164 

28. 

67 ... . 

| Holmium 

Ho 

98 

165 

100. 

68. 

| Erbium 

Er 

94 

162 

0 1 


! 


96 

164 

1 5 




98 

166 

32 9 




99 

167 

24 4 




100 

16S 

26 9 




102 

170 

14 2 

69 

Thulium 

Trn 

100 

169 

100. 
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TABLE 2,7 — Continued 


z 

Element 

Symbol 

N 


Relative Abundance 
(Per Cent) 

70 . 

Ytterbium 

Yb 

98 

168 

0.06 




100 

170 

4 21 




101 

171 

14 26 




102 

172 

21 49 




103 

173 

17 02 




104 

174 

29 58 




106 

176 

13 38 

71 . 

Lutecium 

Lu 

104 

175 

97.5 




105 

176 

2 5 

72 

Hafnium 

Hf 

102 

174 

0.1S 




104 

176 

5.30 




105 

177 

IS 47 




106 

17S 

27 13 




107 

179 

13 85 




108 

180 

35 14 

73 . 

Tantalum 

Ta 

108 

181 

100. 

74 

Tungsten 

W 

106 

180 

0 122 



108 

182 

25 80 




109 

183 

14 26 




110 

184 

30 74 




112 

186 

29.22 

75 

Rhenium 

Re 

110 

1S5 

38 2 




112 

187 

61 8 

76 . ... 

Osmium 

Os 

108 

184 

0 01S 




110 

1S6 

1 59 




111 

1S7 

1 64 




112 

188 

13 3 




113 

189 

16 1 




114 

190 

26 4 




116 1 

192 

41 0 

77. ... 

Iridium 

Ir 

114 

191 

38.5 



116 

193 

61 5 

78 

Platinum 

Pt 

114 

192 

0 8 



116 

194 

30 2 




117 

195 

35 3 




118 

196 

26 6 




120 

198 

7.2 

79 

Gold 

Au 

11S 

197 

100 

80 

Mercury 

Hg 

116 

196 

0.15 



ns 

198 

10 1 




119 

199 

17.0 




120 

200 

23 3 




121 

201 

13.2 




122 

202 

29.6 




124 

204 

6.7 

81 

Thallium 

T1 

122 

203 

29 1 



124 

205 

70.9 

82 

Lead 

Pb 

122 

204 

1.5 



124 

206 

23 6 




125 

207 

22.6 




126 

20S 

52.3 
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TABLE 2.7 — Continued 


z 

Element 

Symbol 

N 

A 

Relative Abundance 
(Per Cent) 

83 .... 

Bismuth 

Bi 

126 

209 

100. 

84 

Polonium 

Po 

126 

210 


85 

Astatine 

At 

126 

211 


86 

Radon 

Rn 

136 

222 


87 

Francium 

Fa 

136 

223 


88 

Radium 

Ra 

138 

226 


89.. . . 

Actinium 

Ac 

138 

227 


90 

Thorium 

Th 

142 

232 

100. 

91 

Protactinium 

Pa 

140 

231 


92 ... 

Uranium 

U 

142 

23k 

0 006 




143 

235 

0.71 




146 

238 

99.28 

93 

Neptunium 

Np 

144 

237 





146 

239 


94 

Plutonium 

Pu 

144 

238 





145 

239 


95 

Americium 

Am 

146 

2kl 


96 

Curium 

Cm 

146 

2h2 



known nuclei may be divided into four groups, depending on whether 
they have even (e) or odd (o) atomic (proton) and neutron numbers, 
the types being the following : 2 


Type 

Example 

(e - 

e) 

8 0 16 

(e - 

o) 

4 Be 9 

0 0 ~ 

e) 

sLi T 

(o - 

o) 

5 B 10 


Protons and neutrons form shells of two in the nuclei. If an odd 
proton or neutron is added to a nucleus which possesses only closed 

£. The nuclides are unequivocally indicated by using Z and A as subscript and superscript, 
respectively. The atomic number is usually written as a left subscript to the symbol, and the 
mass number is used as a right superscript. Thus W U 235 designates the uranium atom with the 
atomic number 92 and the mass number 235. According to the equation N = A — Z, its 
neutron number equals 235 92, or 143. As a subscript, Z mav also be neglected altogether, 

whereby the designation becomes I' 235 . In the symbols of the types, the character of the proton 
number is given first, followed by the character of the neutron number. Thus, e.g., (e - o) 
means that the proton number is even and the neutron number odd; it follows that the mass 
number is odd. 
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shells, e.g., of the type (e — e), in which the number both of protons 
and of neutrons is even, the bond between this particle and the nu- 
cleus is relatively weak. In other words, the new nucleus is less stable 
than the previous one. Consequently, the nuclides of the type ( e — e) 
are more strongly bound than those with unclosed shells, such as 
nuclei of the types (e — o) and (o — e), whereas the type (o — o) is 
still less stable. According to the shell rule, the type (e — e ) is the 
most common of the nuclides found in Nature, whereas the type 
(o — o) is very rare. The types ( e — o) and (o — e ) are about equally 
abundant. The 295 nuclides presented in Table 2.7 (272 stable and 23 
unstable nuclides; eight of the unstable nuclides have very long half- 
lives and three of the eight have long chains of shorter-lived de- 
scendants) are distributed among the various types in the following 
way: 

Type No. of Nuclides 

(e - e) . .... 169 

(e — o) 58 

(o — e) 62 

(o — o) 6 

This distribution shows that the nuclides with even neutron number 
preponderate over those with odd neutron number. Also the proton 
number is usually even. 

The four light stable nuclei of the type (o — o) are D 2 , Li 6 , B 10 , 
and N 14 . The /3-active K 40 and Lu 176 also belong to this type. The 
facts presented in Table 2.7 further show that in elements with even 
atomic number the nuclei of the type ( e — e) are more abundant 
than those of the type (e — o). Among the six elements with odd 
atomic number and an (o — o)-type nucleus, only for nitrogen the 
(o — o) nucleus is more abundant than the other nucleus of the type 
(o — e). In the case of the other five elements the type (o — e ) is the 
most abundant one. 

If an odd element with Z = 2/i + 1 is considered, it is evident that 
its isotopes can belong only to the types ( o — e) and (o — o). The 
most stable and the most abundant type, {e — e), is thus out of the 
question, and therefore it follows that the absolute abundance of ele- 
ments with even atomic number is greater than the abundance of 
odd-numbered elements. This is the explanation of the rule of Oddo 
and Harkins, and it was already predicted by Harkins in 1917. 
There occur strong individual fluctuations from element to element; 
but as a general rule the even elements are about ten times as abun- 
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dant as their odd-numbered neighbors in the upper lithosphere, and 
the factor is 50 for the meteorites and 10 for the solar atmosphere 
(Harkins, 1931). The absolute abundance decreases from element to 
element, on an average, by a factor of 1,2— 1.3. Consequently, the 
heaviest stable elements ( Z = 83) are rarer than the lightest by the 
factor (1.2) 83 or approximately !0 7 (Fluegge, 1946). Next to the rule 
of Oddo and Harkins, the decreasing abundance with increasing 
atomic number is the most important rule governing the abundance 
relationships of the elements. According to Goldschmidt (1926, 
1930a), the abundance in general, to a first approximation, is inverse- 
ly proportional to the seventh or eighth power of the proton number. 
This regularity is graphically illustrated by the fact that the points 
representing the logarithm of the abundance of the elements as a 
function of the logarithm of the proton number fall on a narrow strip 
bounded by two approximately straight lines which represent the 
abundance of the even- and odd-numbered elements, respectively. 
Elements rising above this strip are called abundant elements, e.g., 
iron and nickel, whereas those falling below are called deficient ele- 
ments, e.g., lithium, beryllium, and boron. 

The isobar rule . — This rule is wholly empirical and, so far, lacks 
theoretical basis. It indicates the presence or absence of nuclides of 
equal mass (isobars) . The following principles are valid according to 
the isobar rule. 

1. The difference of the proton numbers of two stable isobars is 
greater than 1 (Mattauch’s rule; Mattauch, 1934a, 6). In other 
words, there exist no stable pairs of isobars whose proton numbers 
differ by only one unit; that is, stable isobars of neighboring elements 
do not exist. The exceptions to Mattauch’s rule are the following 
pairs: Cd 113 -In 113 ; In 115 -Sn 115 ; Sb 123 -Te 123 ; B.e ls '-Os 1S7 . However, these 
four exceptions are, perhaps, not real, and it is probable that the sec- 
ond-named nuclides in these pairs are unstable and go slowly over 
into the former ones (Mattauch, 1937). If these nuclides are stable, 
the rule must be modified to state that the number of isobars wuth 
odd mass number tends to be small. 

2. If the mass number is even, the proton and neutron numbers are 
also even. Consequently, the type (o — o) should be forbidden alto- 
gether. As a matter of fact, only four representatives of this type 
among the lightest nuclides are known, viz., iD 2 , 3 Li b , 5 B 10 , and 7 N 14 . 
The explanation is that strong individual fluctuations still are pos- 
sible in the lightest nuclides. 
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S. Each of the nuclei of the types (e — o) and (0 — 0 ), which have 
odd mass number, is represented by only one isobar. This isobar is 
the energetically most favorable one; the other isobars are unstable 
(/3-active). In other words, there exist no isobars with odd mass num- 
ber. There are no exceptions to this rule. On the other hand, the 
nuclides of the type (e — e) usually possess two, sometimes three, 
stable isobars. 

The three rules presented above explain many observations deal- 
ing with the existence and abundance of the various nuclides. It was 
pointed out previously that there is a drop in the atomic abundance 
curve at the place of nickel (see Fig. 2.2). A corresponding jump oc- 
curs in the isotopic composition of the elements at the same place in 
the Periodic System, i.e., at Z = 28. 

Table 2.7 shows that the elements with odd atomic number have, 
as a rule, only one or two stable isotopes (Aston's rule). The even- 
numbered elements, in general, have a considerably higher number 
of isotopes than do the odd elements. In addition, the lighter of the 
two isotopes of an element with odd atomic number is usually the 
more abundant (Harkins, 1931). The exceptions to this rule consist 
of the elements Li, B, In, Eu, Re, Ir, and Tl. 

In elements with Z less than 28, one of the isotopes usually pre- 
dominates, and the percentage of the other isotopes is commonly 
rather low. Only for boron and chlorine is the latter percentage high- 
er, viz., 18.83 and 24.6, respectively. Starting with nickel, however, 
the isotopes tend to become more evenly distributed, and often two or 
three isotopes are present in nearly equal percentages; a chief isotope 
exists in comparatively few elements. The number of the isotopes 
also changes rather abruptly. Below Z = 28 the even-numbered ele- 
ments seldom have more than three or four isotopes, only calcium 
and titanium being exceptions to this rule; but starting with Z = 28 
the isotopes grow more numerous until, at Z = 81, their number 
again decreases, and, starting with Z = 83, most of the remaining 
elements have only one isotope. 

An empirical rule states that for an element the abundance of 
stable isotopes with even mass number as a function of the mass has 
only one maximum. The lightest isotopes of a number of elements 
form an exception to this rale. The abundance of the heaviest iso- 
topes of calcium and tin and that of the isotopes of samarium are also 
exceptional. 

Another empirical rule established by Mattaueh (1937) states that 
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the elements possess only one or two stable isotopes with odd mass 
number. If there are two such isotopes, they are of practically equal 
abundance. The abundance ratio is never less than 1:0.4, whereas 
the abundance of isotopes with even mass number may differ by 
several powers of 10. The following nuclides form exceptions to this 
rule: Cl 35 , K 39 , Rb 87 , In 113 , Sn 115 , Te 123 , and Os 187 . It should be noticed 
that the last four nuclides are the exceptions to Mattauch’s rule as 
well. 

The abrupt changes which take place at the triad Fe-Co-Ni show 
that a corresponding change in the structure of the atomic nucleus 
evidently occurs here. Such changes also require special considera- 
tion when the abundance relationships are dealt with. The high 
abundance of iron is probably related to the fact that the packing 
energy of the atom is at its maximum here. 

As was pointed out previously, the abundance of the nuclides, in 
general, might be expected to depend directly on the nuclear binding 
energy, provided that the nuclides are assumed to have been formed 
at temperatures high enough to allow the establishment of thermal 
equilibrium between the nuclei and their free constituents. The de- 
pendence should be such that the most abundant nuclei are the most 
stable. The discussion on the preceding pages shows that this rela- 
tionship actually is very clearly found empirically. 

ABUNDANCE CALCULATIONS BASED ON THE MASS NUMBER 

The sum of the abundance values for isobars has been calculated 
by Goldschmidt (19376). A graph showing the course of abundance 
is presented in Figure 2.4, which is redrawn from Goldschmidt’s 
paper. 

As was pointed out in a previous paragraph, very close relation- 
ships exist between the abundance and the mass number of the 
nuclides. It may be concluded from the shell rule that the rule of 
Oddo and Harkins is valid also with reference to mass number, that 
is, nuclides with even mass number are more abundant than the 
neighboring nuclides with odd mass number. Moreover, the sum of 
the cosmic abundance of isobars with even mass number is always 
greater than the sum of the cosmic abundance of the neighboring 
isobars with odd mass number. The difference of the abundance sums 
decreases with increasing mass number. This is the universal nuclear 
physical form of the rule of Oddo and Harkins (Suess, 1947a). 

Like the rule of Oddo and Harkins, other features peculiar to the 
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abundance curve based on proton number are displayed also by the 
curve based on mass number. Consequently, there is an abrupt drop 
in the abundance curve which sets in at the mass number 56, one of 
the isotopes of iron. At the mass numbers belonging to lithium, 
beryllium, and boron the abundance curve passes through a deep 
minimum. A feature characteristic of the A-log S curve is that nu- 
clides with mass numbers which are integral multiples of 4 dominate 
up to a mass number of about 60. 

Clarke (1889) was the first to draw an abundance curve for the 
elements. He took the atomic weight for one set of co-ordinates. 
Clarke expressly stated that all the abundant elements are low in the 
scale of atomic weights, reaching a maximum at 56 in iron. Above 
56 the elements are comparatively rare, and only two of them, 
strontium and barium, appeared in Clarke’s estimates. Another 
regularity which Clarke observed was the decrease of abundance 
with increasing atomic weight in several groups of the elements, e.g., 
in the alkali metals. 

Suess (1947a) formulated a number of general rules for the cosmic 
abundance of the elements as a function of the mass number. These 
rules, which are generalizations of some of the empirical abundance 
rules presented in the previous paragraphs, follow. 

1. The abundance of nuclides with odd mass number changes 
steadily with the mass. The nuclides which have neighboring isobars 
form exceptions to this rule: Sr 87 , In 113 , Sn 115 , Te 123 , and Os 187 . In these 
cases, when two isobars exist for one mass number, the sum of the 
abundance of the isobars changes steadily with the mass. 

2. The abundance of nuclides with even mass number and with 
similar neutron excess (N — Z ) changes steadily with the mass. The 
generalized rule is that the points representing the abundance of 
nuclides with even mass number in a three-dimensional JY-Z-log 5 
diagram lie on a steady surface. However, there are numerous excep- 
tions to these rules among the intermediate nuclides. In addition, in 
every series of the intermediate nuclides with equal neutron excess 
the heaviest nuclide is more abundant than the rule requires. 

3. For the intermediate and heavy nuclides of both even and odd 
mass number the following rule is valid: For each mass number the 
isobar with the lowest neutron excess is the least abundant. Above 
A = 70 there are only four exceptions to this rule, viz., at the mass 
numbers 76, 110, 116, and 142. 

Using these plausible abundance rules, which agree with nuclear 
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physical facts, Suess (1947a) calculated new modified cosmic abun- 
dance values for heavy and intermediate elements. Goldschmidt's 
(19376) values for the ferrides and the lanthanides served as the basis 
of the new values for the other elements. The adjusted values agree 
well with the known facts on the isotopic constitution of the ele- 
ments, even though they are still preliminary. According to Suess 
(19476), the new abundance values show that the following elements 
are notably deficient in the meteorites, as compared with other cos- 
mic sources: S, Se, Te; Ga, In, Tl; Zn, Cd, H g; Re. It must be noticed 
that the elements in each of the three groups are chemically similar. 
Their deficiency is probably caused by secondary chemical processes. 

The new abundance values, presented by a graph, show very clear- 
ly the prominence of nuclides with certain proton and neutron num- 
bers (so-called magic numbers). Certain neutron excess values are 
also prominent, even though less pronouncedly so. According to 
Goldschmidt (19376) and Suess (19476), the nuclides with an N of 
20, 28, 50, and 82 and those with a Z of 28, 50, 74, and 82 are cos- 
mically very abundant. In like manner, nuclides w T ith a neutron ex- 
cess of 4, 12, 24, and 26 are more abundant than other nuclides 
(Suess, 19476). 

ABUNDANCE CALCULATIONS BASED ON THE NEUTRON NUMBER 
The abundance of the isotones w* as also calculated by Goldschmidt 
(19376). The corresponding abundance graph, according to his paper, 
is presented in Figure 2.5, which gives the sum of the abundance of 
all nuclides having the same neutron number. The regularities shown 
by the two abundance graphs already presented are generally re- 
vealed also by the isotonic abundance curve. 

NUCLIDES NOT FOUND IN NATURE 
Beginning with the discovery of the law of periodicity by D. Men- 
deleev and Lothar Meyer in 1869, the elements have been subjects of 
intensive research, wuth the ultimate aim of the completion of the 
Periodic System. SLxty-three elements w~ere known in 1870, and 
after the discovery of hafnium by D. Coster and G. Hevesy in 1923 
and the discovery of rhenium by W. Noddack, Ida Tacke (Noddack), 
and 0. Berg in 1925, only the elements with the atomic numbers 43, 
61, 85, and 87 still remained undiscovered. Although it must now be 
assumed that the elements 43 (technetium) and 61 (promethium ) 3 

8- ’ The Ba . me Pjomethmm is adopted for the element 61 in this book, but the naming of 
tins element is still unsettled. 
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do not occur in Nature, all these elements have been artificially pre- 
pared and their properties studied (see chap. 46). 

When the Periodic Law was discovered, the modern experimental 
study of the atomic nucleus and its structure was not even dreamed 
of. Still, after the discovery of the isotopes in 1913 and the substitu- 
tion of the physical atomic numbers for the chemical atomic weights, 
the absence of some elements with certain atomic numbers in the 
Periodic System was not theoretically understood but was first cred- 
ited to the inadequate knowledge of the chemical composition of 



Fig. 2.5. — Cosmic abundance of nuclides as a function of the neutron number. Abscissa, 
neutron number ( N ). Ordinate , logarithm of the abundance (log S). 

rocks and minerals. Notwithstanding the increasing knowledge of the 
manner of occurrence of the elements and the use of new and im- 
proved methods of investigation, the four elements referred to above, 
however, still were not discovered in Nature. 

As Figure 2.3 shows, the absence of certain proton numbers in the 
natural system of the nuclides is a fact no more surprising than, e.g., 
the absence of some neutron numbers. The neutron numbers 19, 35, 
39, 45, 61, 89, 115, and 123 are unknown among the stable nuclides 
which occur in Nature, and the mass numbers 5 and 8 are absent as 
well. Because these neutron and mass numbers do not represent any 
given species of the elements, their absence is not so striking as is the 
absence of certain proton numbers. However, from a nuclear-physical 
viewpoint, the proton, neutron, and mass numbers are of equal Im- 
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portance. From this point of view it is not necessary that all proton 
numbers, e.g., from 1 to 83, must be represented by stable elements. 

With special reference to the elements technetium (Z = 43) and 
promethium (Z = 61), it should be noticed that they have odd proton 
numbers and consequently can belong only to the types (o — e) and 
(o — o). However, according to the isobar rule, the type (o — o) 
seems to be excluded. According to Table 2.7, all mass numbers con- 
ceivable, which must necessarily be odd, are already occupied by 
nuclides belonging to the following elements : 


z 

A 

z 

A 

43 

95 Mo 

61 

143 Nd 


97 Mo 


145 Nd 


99 Ru 


147 Sm 


101 Ru 


149 Sm 


103 Rh 




According to the isobar rule, each odd mass number cannot be 
represented by more than one stable nuclide, and consequently no 
stable nuclides are left at the disposal of technetium and promethi- 
um. The conclusion follows that, even though there is place in the 
Periodic System for these elements, this seems not to be the case in 
the system of the stable nuclides. Although the isobar rule is entirely 
empirical and valid only for the stable nuclides, the possibility is 
ruled out that isotopes of technetium and promethium could occur 
in Nature if their half-lives were long enough to validate their 
presence. 

The elements with Z = 85 (astatine) and Z = 87 (francium) are 
now known to occur in Nature in the form of very short-lived radio- 
active isotopes (see chap. 46). 

ORIGIN OF THE ABUNDANCE DISTRIBUTION 
OF THE ELEMENTS 

The calculations dealing with the cosmic abundance of the ele- 
ments pose the problem of whether the observed abundance relation- 
ships are merely accidental or whether they may be explained on the 
basis of known physical laws. As was pointed out in a previous para- 
graph, the abundance of an element is related to nuclear stability. 
As early as 1917, W. D. Harkins considered the preponderance of 
elements with a low atomic number to be a probable result of the 
evolution of the elements. 

The information available on atom-building processes shows that 
very probably the present abundance relationships of the nuclides 
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are caused by two factors. First, the abundance of the nuclides de- 
pends on the circumstances under which the nuclei were originally 
formed. Second, it is probable that at least a partial equilibrium is 
maintained between the various nuclides, determined by their sta- 
bility relationships. 

It is now generally believed that the elements cannot form under 
conditions assumed to exist in the interiors of the stars. Consequent- 
ly, it is believed that the elements were synthesized and their abun- 
dance relationships established in an early stage of the evolution of 
the Universe. Since 1931, frequent attempts have been made to in- 
terpret the present abundance distribution of the elements as a re- 
sult of a 4 ‘frozen 5 5 thermodynamic equilibrium state between the 
atom-building and the disintegrating processes, which was deter- 
mined by the nuclear binding energy of the elements and which cor- 
responded to the very high temperatures, pressures, and densities 
supposed to have existed during the early stages of the expansion of 
the Universe. It is believed that under such physical conditions ap- 
preciable rates of nuclear transformation were permitted for both 
light and heavy nuclides. Under the assumption of temperatures of 
the order of 10 10 -T0 U degrees, pressures of the order of 10 19 -10 27 atm, 
and densities of the order of 10 7 -10 13 g-cm~ 3 , v. Weizsacker (1938) 
and Chandrasekhar and Henrich (1942) explained the observed cos- 
mic abundance of nuclides from O 16 upward. Chandrasekhar and 
Henrich assumed that the heavy elements were formed first and that 
their abundance was already frozen wdien the formation of the lighter 
elements started. 

The pronounced dependence of the abundance, taken as a whole, 
on the neutron excess suggests, according to Suess (1947a), that the 
elements must have formed from a source with a very high neutron 
density, which greatly exceeded the proton density. The observed 
cosmic abundance of the elements show T s that the present abundance 
distribution is the result of a thermodynamic equilibrium, which, 
however, was only rough and approximate and was disturbed in 
many details. However, according to Gamow (1946, 1948a, b), the 
slope of the abundance curve does not favor the hypothesis of the 
frozen equilibrium, because, according to the equilibrium theory, the 
logarithm of the abundance must be a linear function of the nuclear 
binding energy, w T hich is a linear function of mass number. There- 
fore, one would expect a rapid exponential decrease of the abundance 
toward the heavy nuclides. Actually, the abundance of the light and 
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the first half of the intermediate nuclides decreases rather rapidly, 
whereas the abundance of the heavier nuclides, from silver onward, 
remains nearly constant. To explain this discrepancy, Gamow as- 
sumed that the nuclides were not formed as a result of a frozen equi- 
librium state but rather in a continuous, unfinished building-up 
process from a highly compressed overheated neutron gas, which de- 
cayed into protons and electrons. The conditions necessary for rapid 
nuclear reactions were of very short duration, and probably no equi- 
librium could be established during this period. The neutrons formed 
complexes which later were converted into various nuclides of in- 
creasing complexity. 

Unsold (1948a) also found the hypothesis of an initial frozen nu- 
clear equilibrium untenable and suggested that few other nuclides 
than the heavy ones were formed in the beginning and that they were 
decomposed in a later stage of the evolution. The abundance of the 
resulting lighter nuclides corresponds roughly to a thermal equilibri- 
um, which, however, froze promptly with the decay of the heavy 
nuclides. 

It must be noticed that the hypotheses presented above and other 
discussions of similar character are based largely on the cosmic-abun- 
dance values of the elements as given by Goldschmidt (19376). How- 
ever, as Suess (19476) showed, many of the abundance values are un- 
certain and must be replaced by new values. Consequently, the final 
evaluation of the hypotheses must wait until new accurate abun- 
dance data are available. 

It is generally assumed that the elements of a large part or of the 
whole of the Universe were created during a momentary, catastroph- 
ic happening. Present-day evidence indicates that the elements were 
created no more than 5-10 9 years ago (Unsold, 1948a). However, 
Unsold suggested that certain main-sequence stars are younger than 
the rest of the Galaxy and may still form today. Therefore, elements 
may also form, even now, in masses of the order of magnitude of a 
star in an early stage of stellar evolution. 

It is assumed that, when the elements were formed, all possible 
nuclides were created. Among the radioactive nuclides, the short- 
lived and intermediate-lived ones have since decayed, leaving only 
the nuclides with a half-life of the same order of magnitude as the 
total of astronomical and geological time. The abundance relation- 
ships and the isotope ratios, once created, have remained rather 
stable, with the exception of the light elements, whose abundance has 
changed in the thermonuclear processes taking place in the stellar 
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Interiors. Radioactive decay and probably also nuclear fission have 
modified the primary cosmic abundance of the nuclides. In addition, 
if limited parts of the Universe, such as the planets, are considered, 
both the relative and the absolute abundance of the elements is found 
to have suffered changes in many cases, owing to differentiation in a 
gravitational field, diffusion, and a number of chemical processes. 
Consequently, with reference to the upper lithosphere, not all pres- 
ent-day abundance values of the nuclides are identical with the 
values valid at the time of the solidification of the Earth’s crust. 

ABUNDANCE AND NUCLEAR TRANSMUTATION 

The fundamental particles (protons, neutrons, and electrons), 
other elementary particles (deuterons, a-particles), and 7 -rays 
are effective in inducing nuclear transmutation processes. The 
particles may be accelerated thermally or released in nuclear reac- 
tions. The nuclear transmutation has caused and still continues to 
cause definite changes in the abundance of the elements in Nature. 
Moreover, artificial transmutation has produced many isotopes of 
the missing elements of the Periodic System, along with a number 
of man-made elements — the transuranium elements (see chap. 46). 

Geochemically, the most Important nuclear transmutations are the 
ones which cause the scarcity of lithium, beryllium, and boron and 
the high cosmic abundance of helium. As pointed out previously, all 
abundance graphs show a pronounced minimum at the places belong- 
ing to lithium, beryllium, and boron. The deficiency of these elements 
in the upper lithosphere cannot be the result of any chemical selec- 
tion principle because they are strongly lithophile and, moreover, be- 
come concentrated In the residual magmatic solutions of low density. 
Therefore, they actually should be rather abundant in the upper 
lithosphere. Goldschmidt (1926) predicted that the remarkable scar- 
city of the three elements must depend on their atomic structure, the 
cause of their deficiency being either the low probability of their for- 
mation or their instability. Goldschmidt’s prediction was fulfilled 
when Atkinson and Houtermans (1929) showed theoretically that 
these elements are unstable and that they are relatively easily disin- 
tegrated if bombarded with fast-moving, thermally accelerated pro- 
tons. They suggested that, at the high temperatures and pressures 
prevailing in stellar Interiors, the light nuclei, if bombarded with 
protons, were readily built up into heavier nuclei. The theoretical 
rate of penetration falls off rapidly with increasing proton number; 
this explains the rise from the minimum. Consequently, this process 
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is not possible for the heavy nuclei. Cockcroft and Walton (1930, 
1932) confirmed this theory experimentally by accomplishing the 
first successful transmutation induced by energetic protons: they 
bombarded lithium with protons. Alpha particles were emitted from 
lithium during the bombardment when the atoms broke apart. 
Helium was thus produced as the result of the bombardment. In 
some cases a heavier atom results from the collision under the emis- 
sion of a proton or a neutron. The disintegration reactions in question 
are the following: 

3 Li 7 + xH 1 -*■ 2 2 He 4 , 

4 Be 9 + xH 1 -*■ s Li« + 2 He‘ , 

6 B u + xH 1 -» 3 2 He 4 , 

»Li 6 + xH 1 -» 2 He 4 + 2 He 3 . 

Consequently, atoms of these three elements are transformed into 
other atoms in the stellar interiors, and only a few are left. This fact 
accounts for their scarcity in the Universe. 

Nuclear transmutations are believed to be the main source of stel- 
lar energy. According to astrophysical evidence, protons are the most 
abundant nuclei in stars of the main sequence. It was therefore sug- 
gested (Bethe, 1939) that the production of stellar energy was entire- 
ly due to thermonuclear reactions involving the constant transmuta- 
tion of protons into helium nuclei. Helium, in spite of its high abun- 
dance, does not react with protons because the product, He 5 , does not 
exist. In the fainter stars with lower central temperature the follow- 
ing cycle is the most probable because it depends less on temperature : 

xH 1 + xH 1 — » iD 2 + + 1 e° , 

xD 2 + xff-^jHe 3 , 

2 He 3 + xH 1 — » 2 He 4 + +ie° . 

However, this process is still incompletely understood in astronomi- 
cal and nuclear-physical respects. 

For stars of the main sequence which are more massive than the 
Sun, the chain of reactions, found independently by v. Weizsacker 
(1938) and Bethe (1938), is: 

6 C 12 + JI> -»• (tN 1 *) -> 7 N 13 + hy , 

rN” -*• eC 13 + +1 e° , 

6 C 13 + xH 1 -+ ( 7 N 14 ) 7 N 14 + hv , 

tN» + iH 1 (sO«) -»■ sO + hv , 

8 0 15 -> 7 N 15 4- + 16 ° , 

7 N“ + iH 1 -*■ (sO 16 ) -> 6 C 12 4- sHe 4 . 
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In these cycles four protons and two electrons are combined into an 
a-particle (helium nucleus), and carbon and nitrogen act as true cat- 
alysts, which are reproduced practically completely. Consequently, 
their abundance remains unchanged. The carbon-nitrogen reactions 
occurring in the stars are unique in their cyclical character. No nuclei 
heavier than He 4 can be built up permanently in ordinary stars, ex- 
cept in negligible amounts, because all nonradioactive nuclei lighter 
than carbon, with the exception of H 1 and He 4 , have extremely short 
lives in the stellar interiors. Consequently, such elements may be 
present only to the extent to which they are continuously generated 
in nuclear reactions from longer-lived elements. This is in accord with 
their low terrestrial and cosmic abundance. They are disintegrated 
by proton bombardment, under the emission of an a-particle, where- 
by the original nucleus is permanently destroyed. This, again, ex- 
plains the low abundance of lithium, beryllium, and boron, which 
would “burn” in a very short time and which, unlike carbon, cannot 
be replaced in the cycle. The elements heavier than carbon and nitro- 
gen react too slowly and are consequently of no importance in energy 
production. For all elements heavier than fluorine there occurs only 
radiative capture of protons, whereby the original nucleus is de- 
stroyed. In the case of oxygen and fluorine the reactions usually lead 
back to nitrogen. 

In the transformation of hydrogen into helium, hydrogen is the 
fuel and helium the slag. The two reaction chains account for the 
high cosmic abundance of helium. However, it is probable that many 
stars also contain original helium. 
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CHAPTER 3 


GEOCHEMICAL STRUCTURE 
OF THE EARTH 

INTRODUCTORY REMARKS 

AS WAS emphasized in chapter 1, meteorites, representing the 
J~\^ only existing rocks outside the Earth’s outer crust, are of out- 
standing importance for the study of the chemical composition of the 
Earth’s interior. Since the French scientist, A. Boisse, in 1850 sug- 
gested for the first time that the bulk composition of the Earth is 
comparable with the average composition of meteorites, the pos- 
sible similarity of the Earth and the meteorites has been widely dis- 
cussed by scientists in all fields connected with the question. 

Interest in the analogy between the Earth and meteorites has been 
revived by the recent work of Brown and Patterson (1947a, b; 1948). 
As mentioned in chapter 1, these authors have arrived at the conclu- 
sion that various meteoritic materials represent different equilibrium 
compositions. The temperature and pressure at which equilibrium 
has been achieved in a meteorite are higher, the greater the amount 
of the metal phase. There is as yet no final proof that meteorites 
originate from a single parent-planet. It does seem very likely, how- 
ever, that meteorites represent samples from different depths of one 
or more planet-like bodies. 

The analogy between the Earth and meteorites is purely qualita- 
tive. No data have ever been presented to indicate that the weight 
ratio of the total of the stony meteorites and irons is identical with, 
or even similar to, the true average ratio of the silicate and metal 
phases within the Earth. Available information suggests that indi- 
vidual planets may differ considerably in bulk composition. Although 
it is not permissible to draw any conclusions as to the relative abun- 
dance of the silicate and metal phases in the Earth’s interior on the 
basis of meteorite compositions, it seems reasonable to assume that 
roughly similar phases in the Earth’s interior are arranged in concen- 
tric shells. According to current opinion, the Earth is composed of a 
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number of concentric shells or geospheres of varying chemical com- 
position. 

A concentric structure of the Earth is in accord with known geo- 
physical data. Estimates of density and its variation with depth, 
velocity of earthquake waves, rigidity, etc., indicate the physical 
inhomogeneity of the Earth. A detailed discussion of these properties 
belongs to the field of geophysics and is, accordingly, outside the 
scope of this book. However, the consequences of the geophysical 
data are of importance to geochemistry. It may be assumed with a 
considerable degree of probability that the Earth is composed of the 
same phases as the meteorites are. It must, however, be ascertained 
that the suggested proportions of these phases and their arrangement 
in the Earth’s interior give to the whole globe and to its different 
depths properties which are conformable with the geophysical data. 
In spite of many remarkable results and much provocative argument, 
it is apparent that geochemical hypotheses dealing with the chemical 
composition of the Earth’s interior can hardly be more than guesses 
and approximations, the probability of which can be increased by 
further work, although absolute assurance is beyond reach. 

Many hypotheses of the chemical composition and structure of the 
Earth’s interior have been presented, but a detailed review of the 
arguments and deductions put forward by different authors is not 
within the scope of this book. In the following discussion, only the 
three principal hypotheses will be described, viz., those presented by 
H. S. Washington, V. M. Goldschmidt, and W. Kuhn and A. Ritt- 
mann. 

HYPOTHESIS OF WASHINGTON 

*> , t „ a 

’ n A schematic section of the Earth according to the hypothesis pre- 
sented by Washington (1925)*is given in Figure 3.1. T he following 
shells are distinguished 

The central core is composed of metallic nickel-iron, corresponding 
to the metal phase of the meteoritic irons. It probably contains up 
to 5 per cent phosphides, carbides, sulfides, and carbon. 

In its upper part the metallic core gradually passes over to the 
lithosporic shell that contains sporadically scattered segregations of 
ferromagnesian orthosilicate. The number of the silicate segregations 
increases with decreasing depth. The composition corresponds to that 
of the pallasites, with the average ratio of metal : silicate = 1:1. The 
iron : magnesium ratio in the silicate phase is approximately 1:5. 

The overlying ferrosporic shell corresponds to the chondritic stony 
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meteorites. The metal phase is present only in minor amounts and 
decreases in quantity with decreasing depth. In addition to the ortho- 
silicate, this shell also contains ferromagnesian metasilicate and 
small amounts of calcium-aluminum silicate. 

In the peridotitie shell the metal phase has disappeared. The com- 
position corresponds to that of the achondritie stony meteorites. It 
contains more ferromagnesian metasilicate and calcium-aluminum 
silicate than does the underlying ferrosporic shell. 

The basaltic shell has the composition of average plateau basalt, 
and the uppermost, mainly granitic, shell corresponds to the average 
igneous rock. 

HYPOTHESIS OF GOLDSCHMIDT 

Like Washington, Goldschmidt (1922, 19336) also compared the 
Earth with meteorites. He pointed out that in a planet of sufficiently 
small size the weak gravitational field would not overcome friction 
at the boundaries between the different phases. Therefore, the molten 
metal, sulfide, and silicate phases cannot be completely separated 
from one another; consequently, no distinct shells are formed. The 
pallasites were assumed to represent pieces from small planet-like 
bodies in which segregation is not complete enough to permit forma- 
tion of continuous shells. Owing to the stronger gravitational field, 
the separation within the Earth is, however, more complete. 

Goldschmidt’s hypothesis of the internal constitution of the Earth 
is schematically represented in Figure 3.2. 

The innermost nickel-iron core, called the siderosphere, corre- 
sponds to the iron meteorites and contains 90 per cent iron, 8 per 
cent nickel, and 2 per cent other metals. 

Goldschmidt, deviating from Washington, then compared the 
Earth with the products of an ore-smelting furnace. He assumed that 
the intermediate layer of the Earth between the iron core and the 
silicate crust is largely composed of oxides and sulfides of iron. This 
shell, called the chalcosphere, corresponds to the troilite phase of 
meteorites but contains considerable amounts of oxides. 

The outermost shell, the lithosphere, is composed of silicates. Its 
inner part has a gabbroic bulk composition. It is surrounded by a 
more acidic outer shell, having a composition similar to that of the 
average igneous rock. 

DISCUSSION 

The numerical values originally given by Washington and by 
Goldschmidt for the thickness of the various shells, for their density, 
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etc., do not agree in details either with, one another or with the pres- 
ent information about the physical properties of the Earth’s interior. 
Variation of the velocities of earthquake waves with depth indicates 
the presence of a number of discontinuities at definite depths, which 
represent sudden changes in physical properties. It is not known 
whether a change in physical properties at a certain depth is caused 
by a change in state of aggregation or by an actual change in chemi- 
cal composition. The seismic discontinuities are of two kinds (Macel- 
wane, 1939). A first-order discontinuity is a relatively sudden transi- 
tion of the velocities, with a complete break in the depth-velocity 
curve. A second-order discontinuity is indicated by a change in the 
rate of the velocity increase or decrease, producing a more or less 
pronounced change in the slope of the depth-velocity curve. 

Two main seismic discontinuities may be distinguished in the 
Earth’s interior (cf. Jeffreys, 1929; Gutenberg, 1939): 

1. The Mohorovicic discontinuity represents the uppermost major 
discontinuity and is found fairly uniformly under all continental re- 
gions at a depth varying from 30 to 50 km. 

2. The Wiechert- Gutenberg discontinuity, at a depth of around 
2,900 km, is the most striking of all discontinuities in the Earth’s 
interior. 

Between these two depths no first-order discontinuities have been 
found. 

The existence of the two main discontinuities mentioned above 
forms the background for the generally accepted idea, according to 
which the Earth may be divided into three main spheres: 

1. The core extending from the center of the globe to the Wiechert- 
Gutenberg discontinuity. 

2. The mantle between the two discontinuities. 

3. The crust from the Mohorovicic discontinuity to the surface. 
Within these main shells a number of second-order discontinuities 
occur. Up to the present time, only partial agreement has been 
reached by seismologists as to the number and respective depths of 
these discontinuities. 

The Core 

The center core of the Earth, called the siderosphere by Gold- 
schmidt, is commonly believed to consist of metallic nickel-iron cor- 
responding to the pure iron meteorites. Within the core one addition- 
al discontinuity has been discovered at a depth of 5,100 km (Jeffreys, 
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1939a; Gutenberg and Richter, 1939), subdividing the core into an 
inner and an outer part. The existence of this discontinuity has been 
explained by assuming a content of occluded gas in the outer core 
(Daly, 1943). The inner core would then be less gas-charged. 

The Mantle 

The main difference between the hypotheses of Washington and 
Goldschmidt concerns the chemical composition of the mantle. 


A 



Pig. 3 . 1 . Washington's hypothesis of the internal constitution of the Earth 


Zone 

Depth of Region Occupied 
(km) 

Thickness 

(km) 

A. Granitic shell 

0- 20 

i 20 

B. Basaltic shell. 

20- 60 

40 

C. Peridotitic shell 

60-1,600 

1,540 

D. Perrosporic shell 

1,600-2,300 

700 

E. Lithosporic shell 

2,300-3,000 

700 

F. Central core 

3,000-6,400 

3,400 

Total 


6,400 
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Washington assumes a mixture of metal and silicate to be the essen- 
tial material of the mantle, whereas Goldschmidt regards its deeper 
part as being a mixture of oxides and sulfides, mostly of iron (chal- 
cosphere). Goldschmidt’s main argument for his chalcosphere lies in 
the comparison of the Earth with an ore-smelting furnace. Provided 
that sulfur in the Earth’s interior is sufficiently abundant to form a 
separate sulfide-oxide shell of the dimensions suggested by Gold- 
schmidt, the analogy of the Earth with an ore-smelting furnace seems 



Fig. 3 . 2 .— Goldschmidt’s hypothesis of the structure of the Earth’s interior 


Zone 

Density 

Depth of Region 
Occupied 
(km) 

Thickness 

(km) 

A. Silicate crust . 

B. Eclogite shell (compressed silicates) 

C. Sulfide-oxide shell 

D. Nickel-iron core 

2 8 

3.6-4 

5-6 

8-10 

0- 120 
120-1,200 
1,200-2,900 
2,900-6,400 

120 

1,080 

1,700 

3,500 

Total 



6,400 
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very useful. Chemical analyses of meteorites do not indicate such a 
great abundance of sulfur, but close similarity of the Earth and 
meteorites is by no means necessary (Schwinner, 1936). More impor- 
tant for the present discussion is the fact that, according to metal- 
lurgical experience, the silicate slag of an ore-smelting furnace, over- 
lying a sulfide layer, is always relatively richer in sulfur than is the 
silicate crust of the Earth (Linck, 1924; Niggli, 1928). If, therefore, 
a sulfide-oxide layer of a composition suggested by Goldschmidt 
underlies the Earth’s silicate crust, the average abundance of sulfur 
in igneous rocks should be considerably greater than the statistical 
estimate, 0.052 per cent S, made by Clarke (1924). 

Most geophysicists and geologists agree in principle with the sup- 
posed silicate composition of the mantle. It is very probable that the 
deeper parts of the Earth’s interior, where silicate and metal are in 
contact with each other, carry most of the Earth’s sulfur supply. The 
assumption that ferrous sulfide plays a major role in the mantle (up 
to 70 per cent, according to Tammann, 1923) is not generally ac- 
cepted. 

When the idea of a silicate mantle is accepted, two general trends 
in its composition seem to be natural, although not proved. First, in 
analogy with the chondrites, the mantle most probably is not entirely 
free of the metal phase but contains interstitial nickel-iron. The 
amount of the metal decreases with decreasing depth. Second, the 
main silicate phase also changes in composition with depth, becom- 
ing poorer in light elements at greater depths. With reference to 
these two trends and taking into account the available geophysical 
information, the following model of the structure of the mantle is 
presented, simplified from Daly (1943, 1946). 

From the Wiechert-Gutenberg discontinuity at the depth of 2,900 
km to the second-order discontinuity at the depth of about 950 km, 
the mantle is composed of a silicate material corresponding to the 
chondritic stony meteorites with interstitial nickel-iron. The metal- 
phase content decreases more or less gradually with decreasing depth. 

From the 950-km level to the discontinuity at a depth of between 
413 and 480 km, the material corresponds to the meteoritic achon- 
drites without any metal phase. 

The material between the top of the previous layer and the crust 
is peridotitic meteorite silicate (achondrite) and passes upward into 
gabbroic (basaltic) in composition. Above the depth of around 70 km 
it is crystalline and below that level partly vitreous (asthenosphere). 
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The Crust 

Two main areas in the surface of the Earth can be distinguished: 

1. The Pacific Basin, including the area between the American 
continent and the so-called andesite line (Born, 1933). Following the 
coast of Japan, this line extends southward, east of the Marianas Is- 
lands, and follows the archipelago to the area east of the Fiji Islands, 
where it turns again to the south. The Arctic Basin is probably part 
of this area. 

2. The remainder of the Earth’s surface, including all the conti- 
nents and the Atlantic Ocean and the Indian Ocean up to the an- 
desite line just mentioned. 

In their crustal structure these two areas, Pacific and continental, 
differ from each other. In the continental areas, seismic and other 
data indicate the existence of three principal layers called the con- 
tinental layers: 

a) The intermediate layer, overlying the Mohorovicic discontinu- 
ity, is probably richer in light elements than is the top of the mantle. 
In chemical composition it is probably intermediate between basalt 
and granite. Its top is found at depths varying from 10 to 30 kni- 
fe) The granitic layer, above the intermediate layer, corresponds 
in composition to the average of the igneous rocks of the Earth’s 
surface. The designation granitic is not strictly correct because the 
average composition of the igneous rocks is rather granodioritic than 
granitic. 

c) The sedimentary layer is composed of sediments and of sedi- 
mentary and metamorphic rocks. Its greatest depths have been 
found in geosynclinal basins, in which it may extend down to 15 km. 

The thickness and composition of the layers of the continental 
areas of the Earth’s crust are subject to appreciable horizontal varia- 
tion. The continental layers under the Atlantic and Indian oceans are 
considerably thinner than on the continents, and the granitic shell is 
possibly absent. 

In the Pacific Basin the continental layers are entirely absent, the 
gabbroic (basaltic) substratum being in almost direct contact with 
the hydrosphere. 

Referring only to chemical composition, the following designations 
are frequently used. 

Sial (derived from silicon-aluminum) : sedimentary and granitic 
layers with silicon and aluminum as predominant cations. 
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Sialma (sdicon-aZuminum-magnesium) : intermediate between Sial 
and Sima. 

Sima (silicon-magnesium) : from the deepest parts of the crust 
downward to where magnesium plays a more important role than 
aluminum. 

The terms lithosphere and asthenosphere refer to the strength of 
the corresponding layers and have no connection with chemical com- 
position. Accordingly, lithosphere is not an equivalent to the crust of 
the Earth as defined above. In the subsequent pages, however, the 
word lithogeochemistry usually refers to the geochemistry of the 
upper lithosphere. The reason for this incorrect use of the term litho- 
geochemistry is simply the fact that the uppermost lithosphere is the 
only part of the solid Earth on which direct geochemical observations 
can be made. 

In addition to the shells or geospheres mentioned above, three 
outermost geochemical spheres are distinguished : 

a) The hydrosphere, which consists of the salt and fresh waters and 
the continental ice 

b ) The atmosphere, the gaseous outer envelope of the Earth 

c) The biosphere, which comprises the living matter of the Earth 
The structure and geochemistry of these three spheres will be dis- 
cussed in forthcoming chapters. 

HYPOTHESIS OF KUHN AND EITTMANN 

All the hypotheses and views concerning the internal constitution 
of the Earth which are briefly summarized above are based on two 
fundamental concepts. 

1. Seismic and other geophysical data show that the Earth may 
be subdivided into three main geospheres — the core, the mantle, and 
the crust. 

2. The discontinuity at the outer boundary of the core indicates a 
sudden change in chemical composition. The core is supposed to 
consist of metallic nickel-iron. 

A hypothesis has been presented by Kuhn and Rittmann (1941) 
which abandons these two concepts. These authors pointed out that, 
according to present data, the Earth is supposed to be considerably 
richer in iron and poorer in magnesium, silicon, and oxygen than the 
Sun is. In addition, a very pronounced difference in the content of 
hydrogen and helium between the Earth and the Sun is suggested. 
On the assumption that the Earth is derived from the Sun, these dif- 
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ferences are hard to understand. On the other hand, taking into ac- 
count the conditions supposed to prevail in the Earth’s interior, the 
complete differentiation into an iron core and a silicate mantle is 
difficult to explain. 

In order to avoid these difficulties, Kuhn and Rittmann assumed 
that the Earth’s core does not consist of metallic nickel -iron but is 
composed of undifferentiated solar material. This material contains 
at least 30 per cent hydrogen. Originally, the whole Earth was a hot 
gaseous globe that was rapidly cooling through heat radiation and 
escape of hydrogen and helium from its gravitational field. The outer 
parts became poorer in these light gases and sank down. New light 
material was carried up, where it again lost its lightest material and 
sank down. In this way strong convection currents were produced 
that brought light material up to the surface and pushed heavier 
material down. However, this turbulence did not reach the center 
part of the globe, which remained unchanged in composition. 

As a result of this process the internal constitution of the Earth is 
as follows : The center part of the Earth, up to about two-thirds of 
the radius from the center, is composed of original solar material. 
Overlying the center part there is a layer very rich in iron and other 
heavy elements. This layer represents the greatest depths that were 
affected by the convection currents and where, accordingly, the 
heavy elements were deposited. The outermost part of the globe is 
composed of the lighter elements, which form the present crust. 

According to Kuhn and Rittmann, seismic discontinuities are not 
indications of changes in chemical composition at the corresponding 
levels. In their opinion, even the very striking first-order discontinu- 
ity at a depth of 2,900 km is caused merely by a sudden change in 
physical properties. The reason for this sudden change was explained 
by Kuhn (1948) in the following way: The free energy of the reaction 

Si0 2 + 2H 2 — » Si (in solution) + &H 2 0 

is positive at low temperatures. However, at high temperatures, such 
as those in the Earth’s interior, it becomes negative, indicating that 
the reduction of silica by hydrogen is possible. The disappearance of 
silica or silicates in this way causes the sudden decrease of viscosity 
inferred from the seismic discontinuity at a depth of 2,900 km (Wie- 
chert-Gutenberg discontinuity). 

The hypothesis of Kuhn and Rittmann has so far attracted com- 
paratively little attention. It merits, and will no doubt receive, both 
close study and extensive criticism in the immediate future. 
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DISTRIBUTION OF THE ELEMENTS AMONG THE 
GEOCHEMICAL SPHERES OF THE EARTH 

GEOCHEMICAL AFFINITY 

T HE assumption that the supposed geochemical spheres of the 
Earth differ from one another in bulk chemical composition im- 
mediately brings up the problem of the distribution of the elements 
of the Periodic System among these spheres. If separate shells of dif- 
ferent bulk composition exist in the Earth, the elements will be dis- 
tributed among those shells in fixed proportions. This distribution 
obviously depends on the general chemical behavior of th e element. 
in question, on the physicochemical conditions present in the Earth V 
interior, and on the origin of the geospheres* The geochemical divi- 
sion of the Earth into a metallic core, a mantle consisting mainly of 
silicates, and a silicate crust only implies a hypothesis of the distribu- 
tion of some few major elements that characterize the geospheres in 
question and are considered responsible for their main chemical fea- 
tures. The properties of these elements form the background for the 
distribution of all other elements. 

Based on information concerning the abundance of the elements 
in the Universe, three base elements may be distinguished. Iron is the 
most abundant of all electropositive elements of the Earth, whereas 
oxygen and sulfur are the most important of the electronegative ele- 
ments. These three elements and their mutual affinity relationships 
are largely responsible for the distribution during the first geochemical 
differentiation of the Earth. 

The process of the formation of the geospheres in the Earth is 
comparable, to some extent, with the separation of the metal, sulfide, 
and silicate phases in an ore-smelting furnace. A study of the distribu- 
tion of the elements in the metallurgical products and among the 
corresponding phases in meteorites, along with the information avail- 
able of the manner of occurrence of the elements in minerals and 
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rocks in the upper lithosphere, reveals the general geochemical affin- 
ities of the elements. The geochemical affinity fGolrl schrm'dt, 1937a ) ] 
of an element is und erstood as the sum o f its properties, which are re - ' 
s ponsible for its observed or supposed distribution . T he affinity of an 
element for oxygen (o r sili ca) and f or sulfur ,_ as compared with th e , 
correspondi ng affinity of i ron, will determine the distribution of the j 
elen ienFamong met allic iron, 

DISTRIBUTION OF THE ELEMENTS AMONG METAL, • 

SULFIDE, AND SILICATE PHASES ~ 

An illustrative example of the distribution of the chemical ele- 
ments among the molten metal, sulfide, and silicate phases has been 
given by Cissarz and Moritz (1933). These authors investigated the 
products obtained during metallurgical treatment of copper ore 
(. Kupferschiefer ) of the Mansfeld district in Germany. Their analyses 
of pig iron, copper matte, slag, flue dust, and copper ore are presented 
in Table 4.1, which shows that the elements from oxygen to tungsten 
are preferably enriched in the slag; those from sulfur to silver in the 
copper matte; those from zinc to lead in flue dust; and, finally, those 
from carbon to bismuth in pig iron. The elements of the first group 
are typical of silicate rocks, whereas most of the elements of the other 
groups may be readily precipitated as sulfides or reduced to the na- 
tive state in the course of chemical analysis. 

The application of the results obtained by Cissarz and Moritz to 
the present geochemical purpose is hindered by the circumstance 
that, in the Mansfeld ore, copper plays a quantitatively more impor- 
tant role than it does in the Earth. The sulfides separated during the 
treatment of the Mansfeld ore consist mainly of cupric sulfide (CuS) . 
However, the general trend of the distribution is evident. 

The distribution of the elements among the corresponding phases in 
meteorites (nickel-iron, troilite, silicate) is known by a large number 
of chemical analyses. A review of the results is presented in Table 
4.2. The data given in this table are taken mostly from Goldschmidt 
(19376), who gives a complete list of the original references. In some 
instances averages of the values given by various authors have been 
computed. For Cb and Ta the values given by Rankama (1944, 
1947a) were adopted. The elements 0, Mg, Al, Ca, Na, K, Sr, Ba, 
Sc, Li, Rb, Be, Hf, and Cs are practically absent in troilite and nickel- 
iron. As is evident from Tables 4.1 and 4.2, the distribution of the 
elements in meteorites and in the metallurgical products of the 
Mansfeld ore is largely similar. 
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GOLDSCHMIDT’S GEOCHEMICAL CLASSIFICATION ^ 

OF THE ELEMENTS 

Based on his hypothesis of the geochemical structure of the Earth, 
briefly summarized in chapter 3, Goldschmidt (1937a) has presented 
a general geochemical classification of the elements. 

In Goldschmidt’s opinion the enrichment of the elements, observed 
in the different phases of ore-smelting furnaces and of meteorites, 

TABLE 4.1 

Distribution of the Elements among the Metallurgical 
Products of the Mansfeld Copper Ore 


Element 

Orb, 

Average 

Composition 

Pig Iron 

Copper Matte 

Slag 

Flue Dust 




Per Cent 



O 

38.36 

2.39 

0.58 

42 30 

n.d. 

Na. , 

0.6 

—0 1 

0.1 

0.64 

n.d. 

Mg 

2.9 

0 

0 05 

7.46 

n.d. 

A1 

7.5 

0 05 

0 

9.11 

n.d. 

Si 

15 5 

0 02 

0.05 

22 09 

4.03 

K 

—3.3 

n.d. 

0 49 

3.28 

n.d. 

Ca . . . . 

10.0 

0.003 

—0.001 

13.50 

n.d. 

Ti 

0.01 

0.002 

0 002 

0.03 

0 

Cr 

0.005 

0 

0 

0 004 

0 

W 

0.005 

0 

0 

0.003 

0 

S 

2.6 

3.27 

26.02 

0.50 

—20 

Mn 

0.3 

0 

0.64 

0.2 

—0.001 

Cu 

2.9 

6.44 

46.2 

0.234 

— '3 

As 

0.08 

0 

0.02 

0 

0 

Ag 

0 016 

0.015 

0 252 

0 

0 03 

Zn 

0.9 

0 0008 

1.68 

0.37 

—40 

Cd 

0 05 

0 

—0 001 

0 

0.02 

Pb 

0 5 

0.002 

0.22 

0.02 

—10 

C.. 

9.0 

1.16 

n.d. 

n.d. 

n.d. 

P 

0.09 

1.84 

0 

0.03 

—0 005 

V 

0.05 

0.08 

—0.01 

0.02 

0.007 

Fe 

Co 

2.5 

0.004 

73.58 

2.44 

22.92 

0.25 

3.0 

0 004 

5.3 

0 

Ni. 

0.01 

1.72 

0.28 

0 05 

0.002 

Ge 

n.d. 

—0.005 

0 

0 

0 

Mo 

0.03 

6.64 

0 

0 002 

—0 . 0005 

Pd.... 

—0.0001 

—0.001 

0 

0 

0 

Sn 

0.001 

0 008 

0 

0 

0 

Sb 

0.03 

—0 001 

0 

0 

0 

It 

—0.0001 

—0.001 

0.0008 

0 

0 

Pt 

—0.0001 

0 0008 

0 

0 

0 

An 

—0.0001 

0 OOOS 

0 

0 

0 

Bi 

—0.01 

—0.01 

0 008 

0 

0 
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most probably also took place in the corresponding geochemical 
spheres of the Earth. He pointed out that metallurgical experience 
may, however, be compared only to a certain degree with the condi- 
tions supposed to have prevailed in the interior of the Earth during 
the separation of the different phases. This is largely due to the fact 
that the reducing agent of an ore-smelting furnace is usually carbon, 
in contrast to hydrogen or hydrogen compounds in the case of the 

TABLE 4.2 

Distribution of Some Elements among the Nickel-Iron, 

Troilite, and Silicate Phases of Meteorites 


Element 

Nickel-Iron 

Troilite 

Silicate 

g/ton 

Si 

150 

0 

212,000 

Cr 

300 

1,200 

3,900 

Mn 

300 

460 

2,050 

Ti 

100 

0 

1,800 

Zr 

8 

0 

95 

V 

6 

? 

50 

W 

8 1 

trace 

IS 

Th 

0.1 

0 

2 

Cb 

0.20 

0 

0.50 

U 

0 1 

0 

0.4 

Ta 

<0.06 

0 

<0.38 

P 

1,800 

3,000 

700 

Zn 

115 

1,530 

76 

As 

360 

1,020 

20 

Cu 

200 

500 

1.55 

Cd 

8 

30 

1.6 

Ag 

5 

19 

0 

Sb 

2 

7 8 

0.1 

Bi 

0 5 

2 

0.02 

Tl 

? 

0.3 

0.15 

Ga. .... 

8 

8 

3 

In . . 

0.5 

0 5 

0.24 

Ni... . 

84,900 

1,000 

3,300 

Co... . . . 

5,700 

100 

400 

Ge. . 

500 

30 

5 

Sn... . 

100 

15 

5 

Pb 

56 

20 

2 

Mo 

16.6 

11 

2 5 

Pt 

16 

3 

0 

Ru 

15 

8 

0 

Pd 

13 

2 

0 

Os... 

10 

9 

0 

Rh 

4 

1 

0 

Ir 

3 

1 

0 

Au 

2 

0.5 

0 

Re 

0 . 008:2 

: o.ooi 

0.0008 
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Earth. Taking into account all information available on the chemical 
behavior of elements and on their manner of occurrence in the litho- 
sphere and in meteorites, Goldschmidt divided the elements into 
three main geochemical affinity groups, presented in Table 4.8. How- 
ever, the table is modified with reference to more recent information 
on the geochemical behavior of the elements. If an element belongs 
preferably to one group and, simultaneously, shows a less pronounced 
behavior characteristic of another group, it is given in parentheses in 
the latter case. 


TABLE 4.3 


Geochemical Classification- of the Elements 


Siderophile 

Chaleophile 

Lithophile 

Atmophile 

Biophile 

Au 



Cu 

At? 


Li 

Na 

K 

Rb 

Cs 

II 

C 

N 

H 

C 

N 

0 P 

Ge 

Sn 

(Pb) 

7m 

Cd 

Hg 

Fa 





0 

I 

Hg 

(Na) 

(Mg) 

(S) 

(Cl) 

C 

P 

(As) 

Ga 

In 

T1 

Be 

Mg 

Ca 

Sr 

Ba 

He 

Ne 

A 

(K) 

(Ca) 

(Fe) 

Mo 

(W) 


(Ge) 

(Sn) 

Pb 

Ra 




ICr 

Ne 

Rn 

(B) 

(F) 

(Si) 


Re 

Co 

Ni 

As 

Sb 

Bi 

(Zn) 

(Cd) 







(Mn) 

(Cu) 

(I) 


Fe 

(Mo) 



B 

A1 

Sc 

Y 






Ru 

Eh 

Pd 

s 

Se 

Te 

Lei 

Ce 

Pr 

Nd 

Sin 








Os 

Ir 

Ft 

Fe 

(Co) 

(Ni) 

Eu 

Gd 

Tb 

Dy 

Ho 











(Ru) 

(Pd) 

(Pt) 

Er 

Tm 

Yb 

Lu 















Ae 

Th 

Pa 

U 

Np 














Pu 

Am 

Cm 















Ga 

(In) 

(Tl) 
















C 

Si 

Ti 

Zr 

Hf 














(Ge) 

(Sn) 

(Pb) 
















V 

Cb 

Ta 
















P 

(As) 



! 



i 











0 

Cr 

W 

Mn 















(Fe) 

(Co) 

(Ni) 
















H 

F 

Cl 

Br 

I 









In Goldschmidt’s classification the siderophile elements are prefer- 
ably enriched in the nickel-iron core (siderosphere) . The elements of 
this group are characterized by a relatively weak affinity for oxygen 
and sulfur. They are, in addition, readily soluble in molten iron 
either as native elements or alloyed with iron. 

The chaleophile elements show a strong affinity for sulfur. They 
are readily soluble in molten iron monosulfide and are enriched in the 
sulfide-oxide shell (chalcosphere) . 

The lithophile elements are enriched in the silicate crust (litho- 
sphere). They show a strong affinity for oxygen. 

Along with the three main groups given, the most typical elements 
of the atmosphere (atmophile elements) and of the biosphere (bio- 
phile elements) are included in Table 4.3. 


r The distribution of the electropositive elements among metal, 
sulfide, and silicate phases is controlled by the free energies of forma- 
tion of the corresponding sulfides and silicates, as compared with 



DISTRIBUTION OF THE ELEMENTS 

those of ferrous sulfide and ferrous silicate, according to the following 
general reactions (Me means any cation except iron) : 

(1) Fe silicate + Me — » Me silicate + Fe ; 

(2) Fe sulfide + Me — » Me sulfide + Fe ; 

(3) Fe silicate + Me sulfide — > Me silicate + Fe sulfide . 

In the absence of adequate thermal data for silicates, Wahl (1910), 
Goldschmidt (1945), and Brown and Patterson (1948) have consid- 
ered the oxides instead of silicates in reactions (1) and (3). Because 

TABLE 4.4 

Free Energy of Formation (-a f°) of Some Oxides from Standard 
States of the Elements in Kilogram-Calories per Gram 
Atom of Oxygen at Loom Temperature 


Oxide 

Free Energy 
of Formation 
-A F° 

Oxide 

Free Energy 
of Formation 
—A F° 

CaO 

144 3 

I 1 I 0 O 3 v . 

72 7 

MgO 

136 2 

SnO A. 

60 8 

AlaOa 

125 6 

FeO. . . . . 

59 3 

Zr0 2 .... 

122 7 

W 0 3 

59 1 

V 2 0 3 

103.7 

CdO 

55 2 

Ti0 2 . - 

102 5 

NiO 

53 0 

SiOa ... 

95 2 

M 0 O 3 

52 7 

Na 2 0 . . . 

93.6 

Sb 2 0 3 

49 7 

TaoOj 

89.4 

PbO 

45 1 

MnO . ' . 

86 9 

AS 203 

44 9 

Cb 2 05 . 

85 2 

BkO 3 

38 9 

Cr 2 03 

85 1 

Cu 2 0 

35 1 

Ga 2 03 . 

78 3 

Ag 2 0 

2 6 

ZnO 

75.8 




the heat of formation (AH 0 ) of a compound from the standard states 
of the elements is usually the prime contributor to its free energy 
(A F°) of formation, a rough solution of the problem may be obtained 
on the basis of the heat-of -formation values for the oxides of the met- 
als. In Table 4.4, however, the free energies of formation of the oxides 
of some electropositive elements are given, expressed in kilogram-cal- 
ories per gram atom oxygen. The data underlying the figures in this 
table are taken mainly from Bichowsky and Rossini (1936), Latimer 
(1938), and Kelley (1941). In several instances the heats of formation 
and the entropies of the oxides are known only approximately, and, 
accordingly, the corresponding free-energy values are subject to 
considerable uncertainty. 

As is seen from Table 4.4, the lithophile elements have higher free 
energy of formation of the oxide than does ferrous iron. On the other 
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hand, the elements with lower free energy of formation of the oxides 
belong to the siderophile and chalcophile groups. Remarkable excep- 
tions to this rule are gallium, zinc, and indium. This may be due to 
the fact that these elements, owing to their low abundance in igneous 
rocks, are not able to form separate gallium, zinc, or indium min- 
erals but occur disseminated in the structures of other compounds. 
Accordingly, the distribution of these elements among metal 
and silicate is not controlled by the thermal properties of their pure 
compounds but by the energy balances connected with the corre- 
sponding isomorphic substitutions. 


TABLE 4.5 


Free Energy of Formation (— af°) of Some Sul- 
fides from Standard States of the Elements 
in Kilogram-Calories per Gram Atom of Sulfur 
at Room Temperature 


Sulfide 


Free Energy of Formation 
-A F° 


ZnS. . 

CdS. 

MoS 2 

FeS. 

WS 2 . 

PbS. 

TloS. 

NiS. 

CoS. 

Cu 2 S 

Pts. 

BioSs 

Sb 2 S3 

Ag a S 


40 .4 

33.5 

27.1 
23 .4 

23.1 
22 .7 
22 5 
21.3 

21.1 
20 6 

18.6 
13 0 
12 3 

8.7 


As shown by Brown and Patterson (1948), a corresponding treat- 
ment of the sulfides reveals little or no relationship between free 
energy of formation of the solid sulfides and distribution of the sul- 
fide-forming elements among troilite and nickel-iron in meteorites. 
This is true also for the sulfide and metal phases in the metal- 
lurgical products of the Mansfeld ore. The free energies of forma- 
tion of the sulfides of some metals from the standard states are 
given in Table 4.5. The data of this table are selected from the 
review presented by Kelley (1937). It is evident that nickel and 
cobalt have slightly lower values and, for instance, zinc and cad- 
mium have higher values for the free energy of formation than 
does ferrous iron. Accordingly, the observed distribution of these 
metals among metal and sulfide is in agreement with the free-energy 
90 



DISTRIBUTION OF THE ELEMENTS 

data. On the other hand, despite their enrichment in the sulfide 
phase, copper and silver, for example, have lower free-energy values 
than does ferrous iron. A thorough thermodynamic treatment of the 
distribution of the electropositive elements among metal, sulfide, and 
silicate phases appears highly desirable. 

As pointed out by Niggli (1928), a close relationship exists be- 

tween the geochemical beha vior of the elem ents and their positionjii 
theTefiodic^Chart. TEIsTelationship is illustrated in Table 4.8. The 


TABLE 4.6* 

Periodic System and the General Geochemical 
Character of the Elements 


H 


He 


Li 

Be 

B 

c 

N 

0 

F 

j Ne 

' 

Na 

Mg 

A1 

Si 

P 

8 

Cl 

A 


K 

Cu 

Ca 

Zn 

Sc 

Ga 

Ti 

Ge 

V 

As 

Cr 

Se 

Ain 

i Br ! 

| Kr 

Fe Co Ni 

Rb 

Ag 

Sr 

Cd 

Y 

In 

Zr 

Sn 

Cb 

Sb 

Mo 

Te 

Tc? 

I 

Xe 

Ru Rh Pd 

Cs 

Au 

Ba 

Hg 

La-Lu 

Tl 

Hf 

Pb 

Ta 

Bi 

W 

Pof 

Re 

At? 

Rn 

Os Ir Pt 

Fa 

Ra 

Ac-Cm 



* Au: siderophile; Cu: chalcophile; Li* lithophile (and atmophile). 


geochem ical character of the element d epends largely on the .electron 
configuration of its atom fo r the jollowing reasons : 

1. As emphasized by Goldschmidt in several papers (e.g., 1930a), 
the lithophile metals form ions of the noble-gas type having 8 elec- 
trons in the outermost shell. The volumes of the neutral atoms are 
relatively large. Illustrative examples are, among others, alkali and 
alkaline-earth metals. Vanadium, chromium, and manganese are ex- 
ceptions to this rule. Despite their strongly lithophile character, their 
most stable and most abundant ions in Nature (Mn 2+ , Cr 0+ , V 3+ ) 
deviate from the noble-gas type. 

2. The chalcophile metals have 18 electrons in the outermost shells 
in their ions. Their atomic volumes are small. They include copper, 
zinc, gallium, and others. 

3. The outermost shells of the ions of the siderophile metals are 
mostly incompletely filled. The atomic volumes are remarkably 
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small, generally occupying the minima in the atomic volume-atomic 
number curve. Iron, cobalt, nickel, and the precious metals, among 
other elements, belong to this group. 

PROBABLE DISTRIBUTION OF THE ELEMENTS IN THE EARTH 

As mentioned in chapter 3, the hypothesis put forward by Gold- 
schmidt concerning the existence of a separate sulfide-oxide sphere 
(chalcosphere) in the Earth’s interior is doubtful and not generally 
accepted. Therefore, the experience gained from metallurgical proc- 
esses cannot be immediately extended to the Earth. The division of 
t he elements into the three main geochemical affinity groups merel y 
characterizes their distribution in the m olten metal, s ulfi de, and sil i- 
cate phases, r egardless of Ae actu alm fluence of this distribution 
upon the enrichment of the elements in the variou s geochemica l 
sKellForTEe TlarlEr^rEe^DL vision indicated above is, however, very 
illustrative and useful for many geochemical purposes. In this book 
the terms siderophile, chalcophile, and lithophile are used in a pure- 
ly chemical sense without reference to any supposed distribution 
among the geochemical shells. 

Analogy with the meteorites makes it very probable that the 
mantle between the nickel-iron core and the silicate crust in the 
Earth, supposed to be composed mainly of chondritic silicate mate- 
rial, contains much of the Earth’s sulfur supply. The average sulfide 
content of chondrites given as FeS (troilite), according to Table 1.4, 
is about 5 per cent. If this figure is applied to the chondritic mantle, 
it means that iron sulfide is merely a minor constituent thereof, as 
compared with its silicate portion. Of course, the iron sulfide was able 
to collect and concentrate the elements which are chalcophile under 
the conditions prevailing during the formation and separation of the 
sulfide material. 

In general, the geochemical behavior of an element, as indicated 
by its distribution among the three phases, depends on the con- 
ditions under which these phases have been separated. Chromium 
affords a striking example of this fact. Under conditions prevailing 
in the lithosphere, chromium shows no noticeable affinity for sulfur. 
On the other hand, it is chalcophile in meteorites, in which it occurs 
in daubreelite (FeCraS*). This difference in the geochemical behavior 
of chromium in the lithosphere and in the meteorites is apparently 
due to the difference in the degree of oxidation in the terrestrial rocks 
and in meteorites. 
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As a matter of fact, relatively few elements are strongly chalco- 
phile when occurring in meteorites. The most important among them 
are, according to Goldschmidt (19376), sulfur, selenium, chromium, 
silver, and zinc. Some other elements, like gallium, indium, thallium, 
antimony, and bismuth, which are often enriched in sulfides and re- 
lated compounds in the lithosphere, also show a remarkable sidero- 
phile trend in meteorites. 

The above discussion shows that the geochemical character is by 
no means very sharply established for all elements, not even under 
strictly determined conditions. It sounds reasonable to assume that 
under given conditions the distribution of the elements in the metal, 
sulfide, and silicate phases corresponds to an equilibrium, which' 
most probably varies with the conditions. It may be assumed that 
the typically siderophile elements, listed in Table 4.3, are enriched 
in the nickel-iron core of the Earth. The chalcophile elements most 
likely occur enriched in the accessory sulfide phase in the intermedi- 
ate basic mantle but might be present to some extent also in the 
nickel-iron core. In addition, it must be kept in mind that, according 
to their metallurgical behavior, a number of the chalcophile metals 
are strongly enriched in the flue dusts of the ore-smelting furnaces 
(Zn, Cd, Pb, in Table 4.1), from which many of them (Ga, In, Tl, Hg, 
Ge, Sn, Pb, Sb, Bi, Se, Te, etc.) are obtained in commercial quanti- 
ties as by-products. Consequently, it may be expected that these ele- 
ments have been partially separated in this way from the sulfide 
phase or even from the metal phase during the first geochemical dif- 
ferentiation of the Earth. The compounds corresponding to the flue 
dusts are now present in the uppermost lithosphere, together with 
the true lithophile elements. Among the lithophile elements, those 
belonging to the late-magmatic stage of crystallization are enriched 
in the Earth’s outermost crust. This enrichment is a result of the 
fractional crystallization of magmas and represents the second geo- 
chemical differentiation of the Earth. 
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CHAPTER 5 


GEOCHEMISTRY OF THE 
LITHOSPHERE 

GEOCHEMICAL CHARACTERIZATION OF THE ELEMENTS 
IN THE LITHOSPHERE 

T HE division of the elements into three groups according to their 
geochemical behavior, introduced by V. M. Goldschmidt and 
presented in chapter 4, is based on their observed or supposed dis- 
tribution among the metal, sulfide, and silicate phases. Consequent- 
ly, the corresponding group names (siderophile, chalcophile, and 
lithophile elements) refer to a three-phase system and indicate a 
more or less pronounced tendency of an element to become enriched 
in one of these phases as compared with the other two. In contrast 
to the whole Earth (or all meteorites and metallurgical products), 
the upper lithosphere represents but a two-phase system, in which 
free metal is virtually absent. Therefore, the classification for a 
three-phase system with the corresponding designations mentioned 
above cannot be strictly applied to the geochemical characterization 
of the elements in the lithosphere. 

A geochemical classification of the elements suitable for the con- 
ditions prevailing in the lithosphere was suggested by Washington 
(1920). He established the presence of two groups: 

1. The petrogenic elements which occur in Nature primai'ily as 
oxides, silicates, fluorides, and chlorides. 

2. The metallogenic elements which normally form sulfides, sel- 
enides, tellurides, arsenides, antimonides, bromides, and iodides or 
occur as native elements. 

This classification is based on the manner in which elements occur 
in minerals. A certain element is included in the petrogenic or in the 
metallogenic group according to its observed concentration in one of 
the series of compounds listed above. In other words, the average 
percentage of the element in the two groups of compounds is used as 
the basis of classification. 
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Washington’s original classification must now be considered obso- 
lete for a number of elements. Therefore, it is not reproduced in de- 
tail in this connection. However, a classification made according to 
his principle is illustrative with reference to the general geochemical 
behavior of the elements because it indicates the general trend of 
their distribution among sulfide and silicate, etc. For geochemical 
purposes it is still more important to consider in the lithosphere the 
ratio between the amount of an element contained in compounds 
formed with oxygen (fluorine, chlorine) and the amount present in 
sulfides and related compounds or in the native state. The independ- 
ent minerals of an element, of course, illustrate rather well its general 
geochemistry. On the other hand, in the case of trace elements, which 
usually occur in minerals in subordinate amounts as substitutes for 
certain carrier elements, such a manner of occurrence is often geo- 
chemically more characteristic. For example, thallium is a typically 
metallogenic element which sometimes occurs in sulfide deposits in 
remarkably high amounts and is obtained in commercial quantities 
from the flue dusts of such ores. In fact, the only independent thal- 
lium minerals are sulfides — erookesite, Cui 5 TloAgSe 9 ; lorandite, 
Tl 2 S*As 2 S 3 ; hutchinsonite, PbS*(Ag,Tl) 2 S*2As 2 S 3 ; and vrbaite, 
Tl 2 S- 2 As 2 S 3 *Sb 2 S 3 . These species are, however, only mineralogical 
curiosities. Geochemically, the most important manner of occurrence 
of thallium is its camouflage in minerals containing rubidium (see 
chap. 40). The Rb :T1 ratio in feldspars, micas, etc., is fairly constant 
(Ahrens, 1945). Certainly, the most part of the thallium found in the 
lithosphere is contained in these silicate minerals. 

For the reason mentioned above, the principle of classifying the 
elements followed by Washington will not be applied in this book. A 
new 7 grouping is introduced for the geochemical classification of 
the elements in the lithosphere, based on their quantitatively most 
important manner of occurrence therein, as follows : 

1. The elements occurring exclusively, or at least for the most part, 
combined with oxygen in oxides, silicates, phosphates, carbonates, 
nitrates, borates, sulfates, etc., are called oxyphile. Oxygen may be 
replaced by fluorine or chlorine to a minor extent. Ionic bonds usually 
prevail in the crystal structures of these minerals. 

2. The available supply of certain other elements in the lithosphere 
occurs preferentially in minerals free of oxygen (fluorine, chlorine), 
i.e., mostly as sulfides, selenides, tellurides, arsenides, antimonides, 
intermetallic compounds, native elements, etc. These elements are 
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called sulfophile. The bonds in the structures of these minerals are 
covalent or metallic. 

Like the classification of Goldschmidt for a three-phase system and 
that of Washington for a two-phase system, the classification adopt- 
ed here is also by no means unequivocal; all intermediate steps be- 
tween the two groups are represented among the elements. Because 
the principle of this grouping differs from the previous classifications, 
new names are used for the groups distinguished. 

The most typically oxyphile elements are, with few exceptions, 
those which were called lithophile by Goldschmidt and petrogenic by 
Washington. They are shown in the accompanying tabulation. These 
elements occur in the lithosphere nearly always combined with oxy- 
gen (fluorine, chlorine). Manganese and, to a very small extent, 
vanadium are found in some sulfides. For the present purpose, this 
manner of occurrence of manganese and vanadium is rather unim- 
portant geockemically. 


Li 

Be 

B 

C 

N 

0 

F 

Na 

Mg 

Ai 

Si 

P 


Cl 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Rb 

Sr 

Y 

Zr 

Cb 



Cs 

Ba 

La-Lu 

Hf 

Ta 

W 



Ra 

Ac-U 






According to the adopted terminology, the elements called sidero- 
phile and chalcophile by Goldschmidt and metallogenic by Washing- 
ton represent, again with some exceptions, a continuous series from 
the oxyphile to the sulfophile group. In order to elucidate the geo- 
chemical behavior of these elements under the conditions prevailing 
in the lithosphere, the following remarks are presented. 

The average sulfur content of igneous rocks is, according to Table 
2.3, 0.052 per cent S (Clarke, 1924). This corresponds to about 0.14 
per cent sulfides, given as FeS. These figures give the average amount 
of sulfur contained m ordinary igneous rocks without any detectable 
late magmatic or metasomatic addition of sulfides. Sulfur is largely 
concentrated in late magmatic solutions (see chap. 43) . On the other 
hand, it shows a pronounced tendency to become mobilized in re- 
gional metamorphism. The solutions formed, either primary mag- 
matic or secondary metasomatic, give rise to sulfide deposits or enter 
secondarily the ordinary igneous rocks, causing an abnormally high 
sulfur content therein. Although these sulfide deposits are of great 
economic importance, they apparently are geochemically negligible. 
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It would be important to estimate the mass of the sulfide bodies 
in the upper lithosphere and to determine the distribution of sulfur 
between the accessory sulfide phase of ordinary igneous rocks and 
the separated sulfide bodies. So far, a reasonable basis for such calcu- 
lations is unknown. Obviously, the greatest part of the sulfide deposits 
is of no economic value. The fact, however, that the mass of the sul- 
fide deposits evidently is extremely small as compared with the mass 
of the whole lithosphere seems to justify their omission when calcu- 
lating the average composition of the sulfide phase of the igneous 
rocks. 

TABLE 5.1 

Approximate Composition of the Most Abundant Accessory 
Sulfides of the Igneous Rocks 


Element 

Pyrite 

Pyrrho- 

tite 

Ch.il- 

COPYRITE 

Pent- 

landite 

Per Cent 

Fe . . 

47 

61 

31 ! 

31 

Cu 



34 


Ni 




35 

Co 




i 1 

S 

53 

30 

35 

| 33 

Total 

100 

100 

100 

100 


Microscopic investigation reveals that pyrite, pyrrhotite, chalco- 
pyrite, and pentlandite are the most abundant among the accessory 
sulfide constituents of common igneous rocks (Newhouse, 1936; 
Ramdohr, 1940). Their approximate chemical composition is given 
in Table 5.1. 

On the basis of the values recorded in this table, the average sulfur 
content of the igneous sulfide phase is calculated as 40 per cent S. 
This means that sulfur has become enriched in the sulfide phase by 
40/0.052, or about 750 times. If the elements forming sulfides in the 
lithosphere were enriched in the accessory sulfide phase of igneous 
rocks by the same factor as sulfur is, the sulfide phase would have the 
composition given in Table 5.2, second column. For comparison, the 
average composition of 57 primary magmatic sulfides given by Nod- 
daek and Noddack (1931a) is presented in Table 5.2. The composite 
sample analyzed consisted of 35 pyrrhotites, 10 primary pyrites, 8 
pentlandites, and 4 nickelian pyrites from different localities and was 
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considered to represent magmatic sulfides in general. No data were 
given concerning the geological background of the samples. 

Comparing the first and second columns of Table 5.2 and taking 
into account the information available on the composition of acces- 
sory sulfides of igneous rocks, one may reach the following conclu- 
sions concerning the oxvphile or sulfophile character of the elements 
in question. 

TABLE 5.2 

Abundance of Some Elements in Igneous Rocks 
and in Magmatic Sulfides 


Element 

Abundance in 
Igneous Rocks 
(Per Cent) 

Abundance Mul- 
tiplied by 750 
(Per Cent) 

Average Com- 
position of 

57 Magmatic 
Sulfides 
(Per Cent) 

Cu 

0 007 

5 25 

1.09 

Ag 

0 00001 

0 0075 

0 001 

Zn 

0 0132 

9 90 

0 85 

Cd 

0 000015 

0 011 

0 002 

Ga 

0 0015 

1 13 

0.0002 

In ... . 

0.00001 

0 0075 

0.00004 

T1 

0 00003-0 0003 

0 023-0 23 

0 00001 

Ge 

0 0007 

0.53 

0 001 

Sn 

0.004 

3 0 

0 005 

Pb 

0 0015 

1 13 

0 001 

As 

0 0005 

0 38 

0 006 

Sb 

0 0001 

0 075 

0.0001 

Bi 

0.00002 

0 015 

0 0002 

Mo 

0 00025-0 0015 

0 19-1 13 

0 002 

S 

0.052 

40 

40 4 

Se 

0 000009 

0 0068 

0 02 

Te 

0 0000001S 

0 00014 

0 0002 

Co 

0.0023 

1 73 

0 21 

Ni 

0.008 

6 0 

3 14 


Copper . — If all copper is contained in chalcopyrite (and in other 
less abundant copper sulfide minerals), the values for Cu in the third 
and fourth columns of Table 5.2 should be equal. The value in the 
second column is derived from the average copper content of igneous 
rocks given by Sandell and Goldich (1943). Their value is largely 
based on analyses of American igneous rocks of Minnesota and Mich- 
igan which might deviate from the world’s average. On the other 
hand, in the composite sample analyzed by Noddack and Noddack 
no chalcopyrites were included, and consequently it might not exact- 
ly represent the true average of accessory magmatic sulfides as far as 
copper is concerned. The fact that the two figures are roughly of the 
same order of magnitude makes it very probable that at least a great 
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part of copper is combined with sulfur. As emphasized by Ramdohr 
(1940), there appears to be evidence indicating that chalcopyrite, on 
an average, is abundant enough to be responsible for most of the 
copper present in rocks. However, it is highly probable that in some 
instances copper enters the structures of the rock-forming silicates. 
Consequently, copper seems to be sulfophile, but this character is 
not very pronounced. 

Silver . — The figures given in Table 5.2 seem to indicate that silver, 
like copper, is mostly contained in sulfides. According to Joensuu 
(1948), 79 accessory chalcopyrites from different igneous and rneta- 
morphic rocks of the pre-Cambrian formations in Finland contain 
about 0.02 per cent Ag, on an average. On the other hand, silver is 
not known to occur in the structures of rock-making silicates. The 
sulfophile character of silver is apparently stronger than that of 
copper. 

Gold . — Owing to the low abundance of gold in the upper litho- 
sphere, data concerning its occurrence in accessory sulfides and in 
silicates of ordinary igneous rocks are very scanty. The remarkable 
tendency of gold to occur as native element makes its strong sulfo- 
phile character highly probable. 

Zinc . — In view of the relatively great abundance of zinc in the 
upper lithosphere, it is surprising that sphalerite is exceedingly scarce 
among the accessory sulfides of ordinary igneous rocks (Ne who use, 
1936; Ramdohr, 1940). So far, it is unknown to what extent zinc is 
able to enter the structures of pyrite, pyrrhotite, and chalcopyrite 
under conditions prevailing during the formation of these minerals 
in Nature. The observed scarcity of sphalerite in rocks agrees very 
well with the figures for zinc given in Table 5.2. Zinc is most probably 
an oxyphile element. Its oxyphile character is apparently less pro- 
nounced than that of gallium and germanium (see below). 

Cadmium . — With reference to its general geochemical character in 
the lithosphere, cadmium is very similar to zinc and must be included 
in the oxyphile group. However, the oxyphile character of cadmium 
is, perhaps, slightly weaker than that of zinc. According to Sandell 
and Goldich (1943), the average Zn :Cd ratio of igneous rocks is ap- 
proximately 530 : 1. On the other hand, the average cadmium content 
of 78 Swedish sphalerites given by Gabrielson (1945) is 0.173 per 
cent Cd. The corresponding Zn : Cd ratio is about 320 : 1. A still higher 
cadmium content is obtained from 79 Norwegian sphalerites ana- 
lyzed by Oftedal (1940), viz., 0.25 per cent Cd. From this mean the 
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most Cd-rich sphalerites ( > 1 per cent Cd) reported by Oftedal have 
been left out as exceptional cases. Accordingly, cadmium appears to 
have a slight tendency to become enriched in sphalerite in respect to 
zinc. 

Mercury . — Data for the mercury content of accessory sulfides and 
of rock-making silicates are too scarce to allow any reliable conclu- 
sions regarding its oxyphile or sulfophile character. However, mer- 
cury might be sulfophile because of its marked tendency to occur in 
the native state. 

Gallium. — Although the gallium content given by Noddack and 
Noddack for magmatic sulfides (Table 5.2) may be too low, the very 
strongly oxyphile character of this metal is evident. 

Indium . — In addition to the average indium content of magmatic 
sulfides given by Noddack and Noddack (Table 5.2), the averages 
shown in the accompanying tabulation for sulfide minerals of geo- 

Material Analyzed (Per Cent ^ Weigllt) 

Average of 10 pyrites from Finland (Erametsa, 1938) .... <0.0001 

Average of 10 pyrrhotites from Finland (Erametsa, 1938) <0 .0001 

Average of SI chalcopyrites from Finland (Erametsa, 

1938) 0.001 

Average of SI sphalerites from Finland (Erametsa, 1938) . . 0 .005 

Average of 78 sphalerites from Sweden (Gabrielson, 1945) 0 .0047 

logically different origin are reported in literature. According to the 
analyses given by Oftedal (1940), the Norwegian sphalerites contain, 
on an average, nearly as much indium as do the Finnish and Swedish 
sphalerites mentioned above. These figures clearly indicate that only 
a small part of the indium supply in the lithosphere is contained in 
sulfides. Consequently, indium belongs to the oxyphile group, but 
its oxyphile character is certainly weaker than that of gallium. 

Thallium. — No data on the thallium content of accessory pyrites 
and pyrrho tites are available. According to Joensuu (1948), the average 
for 79 Finnish chalcopyrites is 0.001 per cent Tl. The close relation- 
ship between thallium and rubidium in potassium minerals (Ahrens, 
1945) evidently justifies the inclusion of thallium in the oxyphile 
group. 

Germanium , tin, lead — Like gallium, these three elements are evi- 
dently very strongly oxyphile. 

Arsenic , antimony , bismuth. — The present abundance data, espe- 
cially in the case of antimony and bismuth, are not very reliable. It 
appears, however, that all these elements are oxyphile (for arsenic 
see Ramdohr, 1940). 
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Molybdenum . — Although frequently found in some granites and 
granite pegmatites, molybdenite apparently is rather scarce in igne- 
ous rocks (Ramdohr, 1940). This fact and the figures of Table 5.2 in- 
dicate that molybdenum is oxyphile. Further investigations concern- 
ing its occurrence in rock-making silicates and other oxygen-con- 
taining minerals are highly desirable. 

Sulfur 9 selenium , tellurium . — As may be expected, these three ele- 
ments, according to Table 5.2, are sulfophile. The occurrence of sul- 
fates, selenates, and tellurates is obviously of minor geochemical im- 
portance. 

Cobalt , nickel . — The values for cobalt and nickel given in Table 5.2 
indicate that these metals mostly enter the structures of the oxygen- 
containing minerals. The values obtained by Noddack and Noddack 

TABLE 5.3 

Average Cobalt and Nickel Content of Accessory 
Pyrites, Pyrrhotites, and Chalcopyrites from 
Finnish pre-Cambrian Bocks 


Mineral 

Number of 
Analyses 

Co 

(Per Cent) 

Ni 

(Per Cent) 

Pyrite 

172 

0 2 

0 09 

Pyrrho tite 

92 

0 07 

0.2 

Chalcopyrite 

79 

0 01 

0.04 


depend largely on the number of pentlandites and nickelian pyrites 
included in the composite sample analyzed. Therefore, the question 
may be raised whether the mixture analyzed by Noddack and 
Noddack really represents the average composition of primary 
magmatic sulfides in respect to cobalt and nickel. On the other hand, 
according to Newhouse (1936) and Ramdohr (1940), pentlandite is 
decidedly less abundant as an accessory constituent of ordinary ig- 
neous rocks than is chalcopyrite. This fact and the average cobalt 
and nickel content of accessory pyrites, pyrrhotites, and chalco- 
pyrites indicate that these metals must be oxyphile (see Ramdohr, 
1940). The average cobalt and nickel content of the Finnish pre- 
Cambrian pyrites, pyrrhotites, and chalcopyrites, analyzed by 
Joensuu (1948), is given in Table 5.3. 

Ruthenium , rhodium , palladium , osmium , iridium , platinum. — As 
for gold, data for the content of the platinum metals in accessory 
igneous sulfides and in the rock-making silicate minerals are scanty. 
It appears very likely that these metals belong to the sulfophile 
group. 
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The general trend in the variation of the oxyphile and sulfophile 
character of elements in a part of the Periodic System is illustrated 
in Table 5.4. For the elements listed in this table, the sulfophile 
character evidently becomes stronger (the oxyphile character weak- 
er) when passing from the right to the left. In a vertical column the 
sulfophile character usually increases when passing downward. An 
exception to this rule is thallium, which appears to be more strongly 
oxyphile than does indium. This might be due to the change of 
valence because thallium is mostly univalent in minerals, instead of 
being trivalent as required by its position in the Periodic System. 

The discussion presented above shows that the distribution of ele- 
ments between silicates (fluorides, chlorides) and sulfides (selenides, 


TABLE 5.4 

Variation of the Oxyphile and Sulfophile Character 
of Elements in Part of the Periodic System 


Cu* 

Zn 

Ga 

Ge 

Ag 

Cd 

In 

Sn 

Au 

i 

Hg? 

T1 

Pb 


* Cu : sulfophile; Zn : weakly oxyphile; Ge strongly oxyphile. 


arsenides, etc.) in the lithosphere does not depend solely on their 
chemical affinity for oxygen (fluorine, chlorine) and for sulfur (sele- 
nium, arsenic, etc.), respectively. The chemical affinity is determined 
by the free energies of formation of the corresponding silicates and 
sulfides. Thermodynamically, the free energy of the general reaction 

Fe sulfide + Me silicate — > Me sulfide + Fe silicate 

indicates which one of the two groups of compounds — sulfide or sili- 
cate is preferred by the element (Me). This reaction shows the most 
stable distribution between the pure compounds, which are present 
in the system in equimolecular amounts. In the lithosphere, however, 
the sulfide phase is very scarce. When determining the thermody- 
namically most stable distribution of an element between the two 
groups of compounds, the isomorphic replacement phenomena must 
be taken into account. To the free energies of formation of the com- 
pounds in question must be added the free energies of formation of 
the possible isomorphic mixtures. 

The influence of the free energy of isomorphic replacement on the 
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stability of a mineral or of a mineral association was illustrated by 
Saliaxna and Torgeson (1949) by means of the following reaction: 

olivine I + geikielite — » olivine II + ilmenite. 

The difference in the free energy of formation of olivine I and olivine 
II, due to a corresponding difference in entropy of mixing of Mg 2 Si0 4 
and Fe 2 Si0 4 in the two olivines, affects the stability relationships of 
geikielite (MgTi0 3 ) and ilmenite (FeTi0 3 ) in such a way that the 
mixture geikielite + olivine is stable at high temperatures and the 
mixture ilmenite + olivine at low temperatures. 

This example shows that the possibility of isomorphic substitution 
might, in some cases, result in a distribution of an element between the 
sulfide and silicate phases which deviates from that expected on the 
basis of the affinity relationships between the element and oxygen or 
sulfur. 

Because of isomorphic substitution, a number of siderophile or 
chalcophile or metallogenic elements have a more or less pronounced 
oxyphile character in the lithosphere, indicating that the bulk of the 
elements present enters the structures containing oxygen (fluorine, 
chlorine). This fact shows the great importance of crystal chemical 
considerations in geochemistry. The isomorphic substitution de- 
pends on the crystal structures of rock-making minerals and on the 
properties of the ions and atoms of elements. 

CRYSTAL CHEMISTRY AND GEOCHEMISTRY 
Significance of Crystal Chemistry in Geochemistry 

According to the definition of geochemistry adopted for this book, 
one of the principal aims of geochemical research is the detection of 
the laws which dominate the manner of occurrence of the elements 
in the Earth. When the content of an element in rocks, minerals, and 
other natural products has been established, a general outline of its 
geochemical behavior may be presented, which must be explained, 
that is, the reason for the manner of occurrence of the element must 
be found and must be based on physical and chemical laws. An ex- 
planation of the geochemical behavior of an element is often sought 
in the rather vague term, general chemical properties of the ele- 
ment. Chemically, the element is characterized by its ability to react 
with other elements and by the conditions in which the compounds 
formed are stable. The knowledge of the chemical properties does not 
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always suffice to make the true manner of occurrence of an element 
thoroughly understood. Thus, e.g., the quantity of an element in a 
mineral does not explain the structural role of the element in the 
structure of the mineral in question. The structural positions of the 
atoms and ions of an element in minerals essentially affect the man- 
ner of occurrence of the element. The crystal structures of minerals 
and the properties of atoms and ions largely regulate the incorpora- 
tion of elements in minerals and, consequently, strongly influence 
their geochemical behavior. 

The great importance of crystal chemical considerations in litho- 
geochemistry may be illustrated by the following example. Lead 
and potassium show hardly any parallelism in chemical behavior. 
Therefore, no geochemical relationship or coherence can be expected 
in their manner of occurrence in the lithosphere if no attention is 
paid to crystal chemical properties. However, the bulk of the 
lead in the lithosphere evidently does not occur in sulfide minerals 
but rather in potassium minerals, such as potash feldspar and micas. 
To explain this fact it has been suggested that potassium is replaced 
by lead in potassium minerals. Because of the similarity of the ionic 
size of E> and Pb 2+ ions, it appears reasonable to assume that Pb 2+ 
ions, at least in some degree, are able to occupy positions identical 
with the positions of the K + ions in the structures of potassium min- 
erals. 

The substitution of potassium by lead evidently takes place in the 
feldspars. Both potash feldspar and lead feldspar are known as natu- 
ral or artificial compounds. They have similar crystal structures, in 
which the E> and Pb 2 ^ ions occupy identical positions. Therefore, 
natural potash feldspars, which contain only minute quantities of 
lead, may also be considered to be isomorphic mixtures of the com- 
pounds KAiSi 3 O s and PbAbSi 2 O s , with lead replacing potassium in 
random distribution. A lead mica, corresponding to potash micas, 
however, neither has been prepared artificially nor occurs in Nature, 
and therefore its crystal structure is unknown. A survey of the prop- 
erties of the Pb 2_f ion, compared with those of the K> ion and the 
example given by the feldspars, makes it highly probable that in the 
micas the manner of occurrence of lead is also controlled by a similar 
replacement. 

The geochemical relationship between lead and potassium shows 
that the atomic arrangement in mineral structures and the properties 
of the individual atoms or ions are pertinent to geochemical phenom- 
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ena in the upper lithosphere. This manner of reasoning, which may 
be called atomic, is important in geochemical research of crystalline 
substances. 

Some principles dealing with the structure of crystals and with the 
properties of their constituents will be briefly reviewed in the subse - 
quent paragraphs. With reference to the laws governing the atomic 
arrangement in crystals and to the properties of crystal structures, 
the reader is referred to well-known treatises, e.g., Bragg (1937), 
Bragg and Bragg (1939), Evans (1939), Pauling (1945), Seitz (1940), 
Stillwell (1938), Wells (1945). In the next few- paragraphs only the 
more important applications of crystal chemistry to geochemistry 
will be considered, and no attempt will be made to present an ex- 
haustive discussion. 

Particle Size 

In crystal chemistry it is customary to consider the size of the 
particles constituting the crystals, viz., the atoms and ions. Because 
the neutral atoms and the electrically charged ions are not strictly 
limited bodies, their size merely shows their space requirements in 
the structures. The space required by a particle is controlled by the 
equilibrium between the attractive and the repulsive forces acting 
betw r een two neighboring particles. The distance at which attraction 
and repulsion are in equilibrium is defined as the sum of the radii of 
the two particles. By determining the distances between the par- 
ticles in simple compounds in which the closest neighbors may be 
considered to contact one another, it is possible to obtain a general 
picture of the effective particle sizes in all compounds. The division 
of the distance between two neighboring particles, in order to get the 
values of the length of their radii, is more or less arbitrary from a 
physical viewpoint. However, the radii obtained are very useful in 
geochemistry and will be used throughout this book. 

The effective size of an atom or an ion in a structure, i.e., its atomic 
or ionic radius, depends on the nature of the binding forces between 
neighboring particles, on the electronic configuration of the atom or 
the ion, on the polarization properties of the particle, and on its co- 
ordination, i.e., on the number and arrangement of the neighboring 
particles. The atomic and ionic radii of the elements are given in 
Appendix 3, and the electronic structure of the elements is presented 
in Appendix 4. 

The ionic bond predominates in the structures of the petrologically 
most important minerals. Actually, for geochemical purposes, it is 
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adequate to consider the structures of the feldspars, pyroxenes, am- 
phiboles, micas, and a number of other minerals as essentially ionic. 
However, it must be borne in mind that in some other minerals, e.g., 
in the sulfides, the structure deviates very considerably from an ionic 
structure, and therefore the ionic radii cannot be applied to such 
structures. Because several factors affect the ionic radii, the values 
listed in Appendix 3 are not strictly valid for the structures of all 
minerals but must be corrected to comply with the circumstances 
prevailing in the various structures. The reason for giving all ionic 
radii for a 6-fold co-ordination of the sodium chloride type is to make 
them comparable with one another. 

The relationship between the magnitude of the ionic radii of the 
elements and their position in the Periodic System is of fundamental 
importance in geochemistry. To illustrate the relationship, a part of 
the Periodic System and the ionic radii of the elements in question 
are presented in Table 5.5. For polyvalent elements, only the radius 
corresponding to the valence given at the head of the column is in- 
dicated. 

The mechanism of ionization clearly shows that the size of the 
ionic radius decreases regularly in each period when passing from the 
left to the right. This rule is valid for ions with a similar population 
of the outermost electron shell and with regularly increasing positive 
charge. An illustrative example is the series Na + -Mg 2+ -Al 3+ -Si 4+ - 
P 5 +~S 6 +. 

In the vertical columns of Table 5.5 the ionic radius increases when 
passing down toward the higher atomic numbers. An illustrative ex- 
ample of this rule is the series Be 2+ -Mg 2+ -Ca 2 ' f -Sr 2+ -Ba 2 ' i "-Ra 2 ' f ', in 
which the outermost electron shell also is equally populated by elec- 
trons. Unlike the series Na + -S 6+ , in the Be 2 +-Ra 2+ series all ions are 
equally charged. It may be stated, in general, that, if the ionic charge 
and the population of the outermost electron shell remain un- 
changed, the ionic radius increases with increasing atomic number. 
This rule is understood on the basis of the fact that new shells become 
populated by electrons when passing from ions of low atomic number 
to those with high atomic number. 

There is a remarkable exception to the above rule, viz., the ele- 
ments from lanthanum (Z = 57) to lutecium ( Z = 71), or the 
series of the lanthanides. The radii of the tri valent ions of these 
metals decrease pronouncedly in size with increasing atomic num- 
ber. The decrease is illustrated in Table 5.6. As is well known, 
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this peculiarity is the consequence of the addition of new electrons 
to the inner shells in the lanthanide series. The decrease of the ionic 
radius is caused by the increase of nuclear charge and by the corre- 
spondingly increasing attraction on the electrons. 

The decrease of the size of the ionic radius in the lanthanide series 
is called the lanthanide contraction and is of considerable geochemi- 

TABLE 5.5 

Radii of Some Ions (in kX) in Part of the Periodic System 


Charge of Ion 


1 + 

2 + 

3 + 

4 + 


G-f 

Li 

Be 

B 

c 

N 


0.78 

! 0 34 

! 0 20 

0 19 

0 1-0 2 


Na 

Mg 

A1 

Si 

P 

s 

0 98 

0 78 

0 57 

! 0 39 

0 35 

0 34 

K 

Ca 

Sc 

Ti 

V 

Cr 

1 33 

1 06 

0 83 

0 64 

^0.4 

0 3-0 4 

Cu 

Zn 

Ga 

Ge 

As 

Se 

0 96 

0 S3 

0 62 

0 44 

0.40 

0 3-0.4 

m > 

Sr 

Y 

! Zr 

Cb 

i Mo 

1 49 

1 27 

1 06 

0 87 

0 69 

0 67 

Ag 

Cd 

In 

Sn 

Sb 


1 13 

1 03 

0 92 

0 74 

0 62 


Cs 

Ba 

La 

Hf 

Ta 


1 65 

1.43 

1 22 

0.84 

0 6S 


Au 

Hg 

T1 

Pb 

Bi 


1.37 

1.12 

1 05 

0 84 

0 74 



Ra 






1.52 






cal importance. The effect of the increasing nuclear charge on the 
ionic radius is relatively small compared with the corresponding ef- 
fect of, e.g., increasing ionic charge resulting from the removal of an 
electron. Therefore, the total decrease in the size of the ionic radius 
in the lanthanide series of fifteen elements is remarkably small. 
Moreover, the lanthanides, because of the unchanged population of 
the outermost electron shell throughout the whole series, are chemi- 
cally very similar. The similarity in chemical properties and in space 
requirements in crystal structures makes the lanthanides a very co- 
herent group of elements (see chap. 18). 
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The lanthanide contraction affects the geochemistry not only of 
the lanthanides but also of the elements following them in the Peri- 
odic System, viz., those with atomic numbers greater than 71. Table 
5.7 is presented to illustrate the effect of the lanthanide contraction 
on the size of the ionic radii of the heaviest elements in the Periodic 
System. In this table the ionic radii of the alkali metals and of the 
copper group (Cu, Ag, Au) are taken as the unit, and the ionic radii 
of the elements occurring in the same periods are correspondingly 
reduced. Thus, e.g., the figure for Mg is the radius ratio of Mg 2+ to 
Na + , or 0.78 kX: 0.98 kX, or 0.80, and for Sn the radius ratio of Sn 4+ 


TABLE 5.6 

Ionic Radii of the Trivalent Lanthanides 


Atomic No. 

z 

Element 

Symbol 

Ionic Radius 
in kX 

57 

Lanthanum 

La 

1 22 

58 

Cerium 

Ce 

1 18 

59 

Praseodymium 

Pr 

1 16 

60 

Neodymium 

Nd 

1 15 

61 . 

Promethium 

Pm 


62 

Samarium 

Sm 

1 13 

63 

Europium 

Eu 

1 13 

64 

Gadolinium 

Gd 

1.11 

65 

Terbium 

Tb 

1.09 

66 

Dysprosium 

Dy 

1.07 

67 

Holmium 

Ho ! 

1 05 

6S. . 

Erbium 

Er j 

1 04 

69 

Thulium 

Tm 

1 04 

70 . . 

Ytterbium 

Yb 

1.00 

71 

Lutecium 

Lu 

0.99 


to Ag~ is 0.74 kX:1.13 kX, or 0.65. The figures in Table 5.7, calcu- 
lated from the ionic radii given in Appendix 3, indicate the ratio of 
the ionic radius of an element in the first group to that of an element 
in the same period. The ratios illustrate the decrease in the size of the 
ionic radius which results from an increase in the nuclear charge and 
in the ionic charge and allow a comparison of the magnitude of the 
decrease in the different periods. 

In the vertical columns of Table 5.7, e.g., in the series Be-Ba and 
Zn-Cd, the calculated ratios show an increase until the lanthanide 
contraction becomes effective between lanthanum and hafnium. The 
simultaneous increase in the nuclear charge and in the ionic charge 
by one unit evidently has no very marked effect on the ionic radii of 
elements with high atomic number. Beginning with hafnium, the 
ratio decreases, apparently because of the lanthanide contraction. 
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This decrease indicates that the ionic radii of elements with higher 
atomic number than 71 (lutecium) are smaller than they would be if 
the lanthanide contraction did not occur. This result may already 
have been expected from a survey of the ionic radii listed in Table 
5.5; and Table 5.7 further elucidates the contraction. 

TABLE 5.7 

Effect of Lanthanide Contraction on Ionic 
Radii of Heaviest Elements 
of Periodic System 


Charge op Ion 


1+ 

2+ 

3 + 

4-r 

5-f 

Li 

Be 

B 



1 

0 44 

0 26 

! 


Na 

Mg 

Al 

Si 

P 

1 

0 so 

0 58 

0.40 

0 36 

K 

Ca 

Sc 

Ti 

V 

1 

0.80 

0 62 

0 48 

3 

Cu 

Zn 

Ga 

Ge 

As 

1 

0 86 

0 65 

0.46 

0 42 

Rb 

Sr 

Y 

Zr | 

! cb 

1 

0 86 

0 71 

0 58 

; 0 46 

Ag 

Cd 

In 

Sn 

S b 

1 

0 91 

0 81 

0 65 

0 55 

Cs 

Ba 

La 

Hf 

Ta 

1 

0 87 

0 74 

0.51 

0 41 

Au 

Hg 

Ti 

Pb 

Bi 

1 

0 82 

0 77 

0 61 

0 54 

i 


The effect of the lanthanide contraction on the geochemistry of the 
heaviest elements of the Periodic System is remarkably well illus- 
trated by the manner of occurrence of hafnium, the next element to 
follow after the lanthanides. Owing to the contraction, the ionic 
radii of hafnium and zirconium are very similar. The similarity in the 
space requirement of their ions, along with their close chemical simi- 
larity, makes hafnium and zirconium geochemically a very coherent 
pair of elements. Hafnium always follows zirconium in Nature. The 
geochemical coherence between hafnium and zirconium is decidedly 
more pronounced than is the coherence in the corresponding pairs of 
elements that precede the lanthanides, viz., La-Y, Ba-Sr, and Cs-Rb. 

109 



GEOCHEMISTRY 

Without the lanthanide contraction, however, the ionic radius of 
hafnium would be considerably greater than the ionic radius of zir- 
conium. If this w T ere the case, the coherence between hafnium and 
zirconium probably would be less pronounced, and hafnium evident- 
ly would, geochemically, be an independent element. 

Tantalum, the next element after hafnium in the Periodic System, 
has an ionic radius very similar to the ionic radius of its lower homo- 
logue, columbium. In fact, tantalum and columbium are geochemi- 
cally very closely related, although their relationship is less pro- 
nounced than that of hafnium and zirconium. It is highly probable 
that, without the lanthanide contraction, the relationship between 
tantalum and columbium would be less close. The geochemical co- 
herence in the next pair to follow tantalum and columbium, viz., 
tungsten and molybdenum, is remarkable in oxygen-bearing com- 
pounds of the two metals, but it is definitely weaker than the co- 
herence in the pair tantalum-columbium . 

The effect of the lanthanide contraction on geochemical relation- 
ships between elements in the fourth, fifth, and sixth periods of the 
Periodic System is illustrated by the radius ratios given in Table 5.8, 
in which the figure between K and Rb, for example, indicates the 
radius ratio of Rb+ to K 4 *, which is 1.49 kX:1.33 kX, or 1.12. In a 
similar manner the figure between Rb and Cs indicates the radius 
ratio of Cs*^ to Rb 4 ", viz., 1.65 kX:1.49 kX, or 1.11. When the ele- 
ments of the fourth and fifth period are compared with one another, 
a decrease in geochemical coherence becomes apparent when passing 
from the left to the right. Rubidium is very closely related to potas- 
sium; in fact, their relationship is so close that rubidium does not 
form any independent minerals but always occurs concealed in pot- 
ash minerals. Strontium occurs frequently in calcium minerals and 
forms a great number of independent minerals, particularly in hydro- 
thermal deposits. Moreover, strontium is found in potassium miner- 
als. The geochemical coherence of yttrium and scandium is remark- 
able but weaker than the coherence of strontium and calcium. The 
pairs zirconium-titanium and columbium-vanadium show but slight 
parallelism in their manner of occurrence. Molybdenum and chromi- 
um are geochemically almost unrelated to each other if only the oxy- 
gen-bearing compounds of Mo 64 - and Cr 64 " are considered. The geo- 
chemical relationships of the elements belonging to the fifth and 
sixth periods are similar until the lanthanides are reached. Cesium 
and rubidium are closely related to each other, even though they 
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probably are somewhat less coherent than rubidium and potassium. 
Sometimes cesium forms an independent mineral, viz., pollucite, in 
which rubidium and potassium are present only as minor constitu- 
ents. Barium and strontium are decidedly less related to each other 
than are cesium and rubidium. The relationship between lanthanum 
and yttrium is approximately similar to that between yttrium and 
scandium. Between lanthanum and hafnium there is an abrupt break 
in geochemical coherence. In contrast to the relatively weak relation- 
ship between zirconium and titanium, hafnium and zirconium form a 
highly coherent pair. The coherence in the pair tantalum-columbium 
is far more pronounced than the coherence in the pair columbium- 

TABLE 5.8 

Geochemical Relationship between Elements of Fourth, Fifth, 
and Sixth Period of Periodic System as Affected 
by Lanthanide Contraction 


Period 

Charge op Ion 

1 + 

2 + 

S-f- 

4-f 

5 + 

6 + 

Fourth 

K 

Ca 

Sc 

Ti 

V 

Cr 


1.12 

1.20 

1 2S 

1.36 

1.4-1. 7 

1 6-2.2 

Fifth 

Rb 

Sr 

Y 

Zr 

Cb 

Mo 


1.11 

1.13 

1 15 

0.97 

0 99 


Sixth 

Cs 

Ba 

La 

Hf 

Ta 



vanadium but is weaker than in the pair hafnium-zirconium. In con- 
trast to the pair molybdenum-chromium, the pair tungsten-molyb- 
denum shows a remarkable parallelism in the manner of the occur- 
rence of W 6+ and Mo 6+ ions in oxygen-bearing compounds. The co- 
herence relationships discussed above agree with the radius ratios 
given in Table 5.8. 

The influence of the lanthanide contraction on the geochemistry of 
the series Au-Hg-Tl-Pb-Bi is less pronounced. This is partly the re- 
sult of the fact that some of these elements occur very characteristi- 
cally in minerals which have essentially nonionic structures. Further- 
more, it is evident that the immediate effect of the lanthanide con- 
traction on the ionic radius will diminish in the direction from hafni- 
um toward higher atomic numbers. 

A similar contraction exists elsewhere in the Periodic System, viz., 
the contraction which starts with actinium. It is called the actinide 
ontraction and is illustrated by the ionic radii listed in Table 5.9, 
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according to Zachariasen (1948). The radii given in this table are 
based on the value of 1.40 kX for the radius of the 0 2 ~ ion and conse- 
quently are not comparable with the values given in Appendix 3. The 
geochemical importance of the actinide contraction is limited to the 
elements of the actinide series. It explains the relationship between 
thorium and uranium in some minerals. 

Along with the lanthanide and actinide contraction, another pecu- 
liarity in the experimentally determined ionic radii must be men- 
tioned, viz., the abnormally great ionic radius of lithium. Careful 
consideration of the radii and of their ratios presented in Tables 5.5 
and 5.7 shows that the radius of the Li + ion is greater than the regular 
change in the size of the ionic radius in the Periodic System would 

TxVBLE 5.9 

Crystal Radii of the Trivalent Actinides 


Atomic No. 

Z 

Element 

Symbol 

Crystal Radius 
in kX 

89 

Actinium 

Ac 

1.11 

90 

Thorium 

Th 

(1 08) 

91 1 

Protactinium 

Pa 

(1.06) 

92 

Uranium 

u 

1.04 

93 

Neptunium 

Np 

1 02 

94 

Plutonium 

Pu 

1.01 

95 

Americium 

Am 

1.00 


suggest. This is clearly shown by the low radius ratio of beryllium to 
boron in Table 5.7, compared with the considerably higher ratio of 
magnesium to aluminum. The exceptionally high value of the radius 
of Li + is shown in Figure 5.1, which illustrates 4 the increase of the 
size of the ionic radius in the three series Li-N a-K-Rb- Cs , Be-Mg- 
Ca-Sr-Ba-Ra, and B-Al-Sc-Y-La. In the two last-mentioned series 
the curve is smooth, but lithium causes a jump in the curve of the 
alkali metals. The great radius of Li^ is important in the geochemis- 
try of lithium and explains the substitution of magnesium by lithium 
in many silicate minerals. 

Co-ordination of the Particles 
The structural constituents of a crystal, viz., molecules, neutral 
atoms, or electrically charged ions, are arranged to give their system 
the minimum amount of potential energy. Such an arrangement evi- 
dently requires a relatively high degree of order, with due considera- 
tion to the more or less strictly fixed positions of the particles. 
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In tlie structure of a crystalline mineral, each particle (A) is sur- 
rounded by a number of particles of another kind (B). The number 
and arrangement of the particles (B) which are the nearest neighbors 
of the particle 01) indicates the co-ordination of particle (A) with 
respect to particle (B). The co-ordination is different for different 
particles and for different structures; evidently it is the most funda- 
mental feature of the structure. Each particle obviously tends to oc- 
cupy the co-ordination into which it fits best. The properties of the 
particle, e.g., its space requirements, electrostatic charge, polariza- 
bility, and polarizing power, make one co-ordination more suitable 



Fig. 5.1. — Change of the size of ionic radius of some elements in Groups I, II, and III 
of the Periodic System. 

than another. The better the particle fits into a co-ordination, the 
more strongly it is linked to the surrounding structure and the higher 
is the energy barrier which must be overcome before the particle can 
move into another co-ordination or leave the structure altogether. 
This principle, simple and self-evident as it may sound, is of consider- 
able importance in geochemistry, and several examples of its applica- 
tion will be found on .the later pages of this book. Only two examples 
will be mentioned here, both of which will be discussed more thor- 
oughly in forthcoming paragraphs and chapters, that is, the non- 
existence of a lithium feldspar and the incidental disintegration of 
the zircon structure. In contrast to all other alkali metals, lithium 
does not form the stable compound Li[AlSi 3 O s ] with feldspar struc- 
ture. The nonexistence of this compound is understood on the basis 
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of a co-ordination which is unsuitable for lithium in the feldspar 
structure. The force required to remove the lithium ion from the 
feldspar structure is too weak to allow the formation of a stable 
atomic arrangement of the feldspar type. In a similar manner the 
co-ordination of the zirconium ion in the zircon structure is not well 
suited to the space required by the Zr 4+ ion. Therefore, a relatively 
weak force, e.g., a radioactive impulse, will be sufficient to break 
down the zircon structure and cause a metamict disintegration 
sometimes found in this mineral. 

The two examples illustrate the relationship between the stability 
of a structure and the co-ordination of its particles. Evidently, the 
total stability of the structure is controlled by the strength of the 
weakest bond, which cannot be broken without causing the collapse 


TABLE 5.10 

Radius Ratio of Anion to Cation for Different Co-ordinations 


Co-ordination 

No of Cation 

Arrangement of Anions 
around Cation 

Radius Ratio 
Cation: Anion 

2 

Opposite one another 

Up to 0.15 

3 

Corners of an equilateral triangle 

0 15-0.22 

4 

Corners of a tetrahedron 

0 22-0 41 

6 

Corners of an octahedron 

0.41-0 73 

8 

Corners of a cube 

>0 73 


of the structure. Through thermal or other agitation the weakest 
bond will be severed first, and consequently it will determine the 
degree of stability of the whole structure. 

The co-ordination of a cation, i.e., the number and arrangement 
of anions surrounding the cation in an essentially ionic structure, 
largely depends on the cation: anion radius ratio. The relationship 
between the co-ordination and the relative size of the particles is re- 
viewed in Table 5.10. The figures for the radius ratio were calculated 
from the assumption that the ions are rigid spheres in contact with 
one another. Consequently, the figures are not strictly applicable to 
structures composed of ionized atoms. They may, however, be used 
as an approximate basis for the following discussion. Table 5.10 
shows that, with increasing radius ratio, the co-ordination number 
increases in the maimer indicated. 

The close relationship between particle size and co-ordination in 
a crystal structure requires careful consideration of the radii of the 
cations and of the anions. In the petrologically most important min- 
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erals, oxygen is the principal anion. Table 2.2 shows the abundance 
of the eight main constituents of igneous rocks, calculated in percent- 
ages by volume. The igneous rocks contain about 92 per cent oxygen 
by volume. This result, explained by the high abundance of oxygen 
and by its great ionic size, compared with the size of most cations, il- 
lustrates the high importance of oxygen in the mineral structures. 
The crystalline oxygen-bearing minerals are actually aggregates of 
big oxygen ions whose interstices in the structures are filled by the 
cations. This circumstance is illustrated by the composition by vol- 
ume of some important rock-making minerals, given in Table 5.11. 


TABLE 3.11 

Composition of Some Rock-making Minerals in Per Cent by Volume 


Element 

Potash 

Feldspar 

K[AlShOs] 

Albite 

NatAlSisOs] 

! 

Anorthite 
! Caf AlsSisOs] 

Quartz 

S 1 O 2 

Diopside 

CaMg'ShOs] 

Muscovite 

i KAls[ (OHh | AIS 13 O 10 3 

! 

0 

87.1 

93.3 

91.6 

9S 7 

88. 6 

89.9 

K 

11.1 





7.6 

Na 

' 

4.8 





Ca 



5 9 


7.6 


Si 

0.9 

0.9 

0 6 

1.3 

0.8 

0.6 

A1 

0 9 1 

1.0 

1.9 



1.9 

Mg.... 

. 

. 




3.0 


Total 

100.0 

100.0 

100.0 

100 0 

100.0 

100.0 


The fact that oxygen forms the skeleton of most of the petrologi- 
cally and geochemically important minerals justifies special consid- 
eration of the cation : oxygen radius ratio. Based on the values given 
in Appendix 3, these ratios, for a number of cations, are presented in 
Table 5.12. 

The first column of the table, with the radius ratio less than 0.22, 
includes only N 5+ , C 4+ , and B 3+ . In fact, nitrogen and carbon are 
3-eo-ordinated in the NCLf and CO|~ groups of nitrates and carbon- 
ates. Boron is a transition element between 3- and 4-co-ordination 
in mineral structures. In borates it forms BO| _ groups. In some artifi- 
cial borates the BOjj - groups are linked together by common oxygen 
atoms and give rise to structural variations similar to those which 
occur in silicates. The crystal structures of the natural borates are 
very incompletely known, and therefore the existence of independent 
B 2 C> 5 ~ groups, infinite B0 2 chains, etc., in the natural borates is still 
unknown. The crystal chemistry of boron resembles, to a certain ex- 
tent, the crystal chemistry of silicon, and therefore the natural 

115 



GEOCHEMISTRY 


borates might be comparable to the natural silicates. Along with the 
3-co-ordinated boron of the borates, 4-co-ordinated boron is present 
in the borosilicates, such as danburite, Ca[B 2 Si 2 0 8 ]. It is probable 
that, when boron occurs as an accessory constituent of silicate struc- 
tures, it is partly 3- and partly 4-co-ordinated. Hamburger and 
Buerger (1948) showed that tourmaline, the most abundant borifer- 
ous mineral, contains boron in 3-co-ordination with respect to oxy- 
gen. 

TABLE 5 . 12 

Radius Ratios Oxygen : Cation for Some Ions 


Radius Ratio, 7 oxtgen * ^cation 


<0.22 


0.22-0 41 


0.41-0.71 


>0 71 


N 6+ 0 08-0 15 

Cr 6 * 

0.23-0.30 

Al 3 * 

0 43 

Cu+ 

0 73 

C 4+ 0.14 

Be 2 * 

0.26 

Ga 3 * 

0 47 

Na* 

0 74 

B 3+ 0.15 

ps+ 

0.27 

Cr 3 * 

0.48 

Cd 2 + 

0 78 


\75+ 

—0.3 

Ti 4 + 

0.48 

Ca 2 * 

0.80 


Si 4 * 

0.30 

V3+ 

0.49 

Y 3 * 

0 80 


As 5 * 

0.30 

Mo 6 * 

0 51 

Hg 2 * 

0 85 


Ge 4 * 

0.33 

Fe 3 * 

0 51 

La 3 * 

0.92 


Mn 4 * 

0.39 

Cb 6 * 

0 52 

Sr 2 * 

0 96 




Ta 5 * 

0 52 

Pb 2 * 

1 00 




Mn 3 * 

0.53 

K+ 

1 01 




Sn 4 + 

0.56 

Ba 2 * 

1.08 




Li* 

0 59 

Rb* 

1.13 




Mg 2 * 

0.59 

! Tl* 

1.13 



1 

Ni 2 * 

0.59 

| Cs* 

1.25 




Co 2 * 

0 62 






Fe 2 * 

0.63 






Sc 3 * 

0.63 






Zn 2 * 

0 63 






Hf 4 * 

0.64 




! 

I 


Pb 4 * 

0 64 






Zr 4 * 

0.66 






Mn 2 * 

0 69 






In 3 * 

0.70 




In accordance with the predictions of Table 5.10, the ions listed in 
the second column of Table 5.12 are exclusively 4-co-ordinated in 
oxygen-bearing minerals — Mn 4+ is the only exception to this rule. It 
lies close to the upper limit of the radius ratio of the 4-co-ordinated 
ions and it is 6-co-ordinated in Mn0 2 . 

The ions listed in the third column of Table 5.12 are 6-co-ordinated 
in oxygen-bearing structures. However, there are some characteristic 
exceptions. The radius of Al 3+ is close to the lower limit indicated at 
the head of the third column. As a matter of fact, aluminum is able 
to occur both in a 4-fold and in a 6-fold co-ordination. In the feld- 
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spars, aluminum is tetrahedrally co-ordinated. Because the feld- 
spars are the most important aluminum-bearing minerals, it is evi- 
dent that the greatest part of the aluminum in the rocks of the litho- 
sphere is tetrahedrally co-ordinated. The co-ordination number 4 is 
consequently more abundant for aluminum than is the number 6. In 
independent minerals, sexvalent molybdenum and bivalent zinc are 
preferentially 4-co-ordinated. This is particularly remarkable in the 
case of zinc, which has a fairly great ionic radius. Silicate minerals 
containing zinc in 4-co-ordination include, among others, willemite, 
Zn 2 [Si0 4 ], and hemimorphite, Zn 4 [(OH) 2 |Si 2 Q 7 ] -H 2 0. Quadrivalent 
zirconium occurs in 8-co-ordination in zircon, which is the most 
abundant zirconium mineral. Many of the ions listed in the third 
column may occur in a 4-fold or in an 8-fold co-ordination in certain 
minerals. 

Transitional ions between the third and fourth columns in Table 
5.12 include, among the more common ions, Na + and Mn 2 ~. They 
both occur in a 6-fold or higher co-ordination. The cations with a 
greater radius than the radius of Na* 1- mostly have co-ordination 
numbers greater than 6. 

The relationship between the ionic size and the co-ordination num- 
ber with respect to oxygen is diagrammatically illustrated in Figure 
5.2, in which the various cations, arranged according to their size, are 
plotted against co-ordination number. The black areas in the figure 
indicate roughly the abundance of the co-ordinations of the ions in 
the upper lithosphere. For the largest ions the black area is wider 
than for the small ions. This illustrates the fact that the cation’s co- 
ordination number is less definite because of its great size. 

Structural Classification of Silicate Minerals 

In almost all modern handbooks of mineralogy the basis of the 
classification of minerals is the crystal structure, which is already 
known for most of the important minerals. A structural classifica- 
tion of the complicated silicate minerals is particularly useful. For 
the silicates the type of linkage of the silicon-oxygen tetrahedra 
forms a natural background of classification, the one presented by 
Strunz (1941) being adopted for this book. The formulas of the sili- 
cates and of other minerals are written in the form suggested by 
Strunz, inasmuch as they represent, thus far, the only systematic 
attempt to show structural features in the formula of a mineral. It 
is well understood that a formula cannot be more than a schematic 
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expression of the structural features which are decisive in giving a 
mineral the right place in a natural system of minerals. The type of 
crystal structure of a mineral is often as important for geochemical 
purposes as is its bulk chemical composition. Therefore, it is desirable 
to give the formula of a mineral some structural features. According 
to Strunz, the complex framework (Si-O, Si-Al, etc.) of the structure 

Ion Radius, kX 3 4 6 8 10 12 


Cs + 

1.65 


Rb + 

1 49 


8o 2 + 

1 43 


K + 

1 33 


Sr 2 + 

1 27 


Ca 2 + 

1 06 


Na + 

0 98 


Mn 2 + 

0 91 


Zr 4 + 

0 87 

A 

Zn 2 + 

0 83 


Fe 2 + 

0,83 


Mg 2 + 

0 78 

A. 

Li + 

0.78 

A 

Fe 3 * 

0 67 

Ik 

Cr 3 + 

0. 64 


Ti 4 + 

0 64 

a 

Ga 3+ 

0.62 


A! 3+ 

0.57 


As 5+ 

~0 4 

A 

Ge 4 + 

0.44 

A 

V 5 + 

— 0.4 

. ...A..... 

Si 4 + 

0 39 

A 

P 5 + 

0 35 


Cr 6 + 

0 3-0.4 

A 

s 6+ 

0 34 

A 

Be 2 + 

0 34 

A 

B 3 * 

0 20 


C 4 + 

0 1 9 

A 

N 5 + 

0,1 -0.2 

i— ^ j * 1 1 — 


Eig. 5.2. — The co-ordination number with respect to oxygen of some geochemically im- 
portant cations in the upper lithosphere. 
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is given in brackets: [ ]. The groups OH, F, 0, etc., which are not 
linked to silicon atoms, are given in the brackets but are separated 
from the framework by a vertical line: j . The cations lying outside 
the framework are beyond the brackets in the formula. A general 
scheme of the structural classification of silicate minerals is presented 
in Table 5. IS. 


TABLE 5. IS 


Structural Classification of Silicate Minerals 


Group 

Manner of Linkage of Silicon- 
Oxygen Tetrahedra 

Examples 

Nesosilicates 
(vrjaos — island) 

Separate [SiOJ “islands,” winch, do not 
share any oxygen atoms with the neigh- 
boring silicon-oxygen tetrahedra; the 
silicates belonging to this group are or- 
thosilicates in the proper sense of the 
word 

Forsterite 

MgstSiOJ 

Grossularite 

CasAlafSiOJa 

Andalusite 

Al 2 [OjSi0 4 ] 

Sorosilicates 
(<jcop6s= group) 

Separate groups of silicon-oxygen tetrahe- 
dra, sharing one or more corners with 
neighboring tetrahedra of the same 
group; the following subgroups maybe 
distinguished: 



(1) [ShOr] double tetrahedra 

Thortveitite 

Sc 2 [Si A] 

Hemimorphite 

Zm[(0H)2 [ ShO:] * H 2 O 


(2) Five tetrahedra in an open group 

Zunvite 

Al.;[A10 4 !(0H,F) ls CllSL0i6] 


(3) Rings of three tetrahedra 

TYollastonite 

CasIShOg] 

Benitoite 

BaTi[Si 3 0g] 


(4) Rings of six tetrahedra 

Beryl 

AliBesfSieOis] 

Cordierite 

MgjAL'AlSLOis] 

Inosilicates 
(ts, ivo$~ fiber) 

Infinite chains or double chains of silicon- 
oxygen tetrahedra 

Sillimanite 

Al[AlSiOs] 

Pyroxenes 

Amphiboles 

Phyllosilicates 
(<£u\Xoz> = leaf) 

Infinite sheets of silicon-oxygen tetra- 
hedra 

Talc 

Mg 3 [(OH)2 ! ShOio] 

Micas 
i Kaolinite 
j AkKOH) s i siiOioi 

Tectosilicates 

(reKTovda= 

framework) 

Continuous frameworks of linked tetrahe- 
dra, sharing all four oxygen atoms with 
the neighboring tetrahedra 

Feldspars 

Feldspathoids 

Zeolites 
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Isomorphism and Diadochy 

Minerals are rarely pure compounds. Analyses made of even the 
chemically simple minerals reveal, as a rule, a chemical composition 
deviating more or less from the ideal composition presented in the 
handbooks. The deviation might be caused partly by defects in the 
structure (vacant positions, etc.). As a matter of fact, structural de- 
ficiency is apparently a very common phenomenon. A well-known 
example is pyrrho tite, in which vacant positions of Fe 2+ ions partly 
occupied by Fe 3+ cause an excess of sulfur over that expressed by the 
formula FeS. However, the main reason for the deviation is that 
most minerals are capable of incorporating various elements as im- 
purities. The impurities may occur as mechanically admixed inclu- 
sions or may occupy fixed positions in the structure or be inclos a ed in 
the empty spaces therein. 

According to common mineralogical usage, the foreign material 
is said to be present in solid solution in the mineral. The term solid 
solution between a solute (A) and a solvent (B) merely indicates that 
the material is homogeneous. By means of microscopic or X-ray in- 
vestigation, only one phase (AB) is detectable. The term solid solu- 
tion states nothing about the structural manner of occurrence of the 
solute in the solvent. Consequently, two structurally different kinds 
of solid solutions may be distinguished. 

1. The solute is completely beyond the structural framework of the 
solvent and does not participate in its binding. Probably one of the 
most typical examples of a solid solution of this kind is the occurrence 
of helium or cesium in beryl. Atoms of these elements are sometimes 
found in the beryl structure within the six-rings of [Si0 4 ] tetrahedra. 
The two elements do not belong to their host structure. 

2. The solute forms a complete isomorphic series with the solvent. 
An illustrative example is ferrous orthosilicate (fayalite) in magnesi- 
um orthosilicate (forsterite). The Fe 2 ^ ions replace the Mg 2+ ions in 
random distribution and therefore occupy their structural positions. 

Between the two extremes all intermediate types of solid solutions 
occur in minerals. The terminology applied to the different types in 
literature is not completely uniform, particularly with the terms iso- 
morphism and isomorphic mixture. Because isomorphism and related 
phenomena are of very high importance in geochemistry, it appears 
pertinent to define the terminology adopted in this book. The defini- 
tions given below are those of Strunz (1986, 1937). 
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Two compounds, (A) and (5), are called isomorphic if the follow- 
ing requirements are fulfilled: 

1. The structures of the two compounds must be of a similar type, 
with closely similar positions of the atoms. The lengths of the axes 
of the unit cell of (A) must be closely similar to those of (. B ) or to 
their integer multiples. 

2. The cation: anion radius ratios in the two compounds must be 
close to each other. 

3. The compound (A) must be able to incorporate more than about 
5 per cent of the compound (. B ) in solid solution, and vice versa. The 
requirement of an actual formation of mixed crystals corresponds to 
the original definition of isomorphism given by Eilhard Mitscherlich 
in 1821. 

The isomorphism thus defined may be complete or partial, passing 
over to isotypy. For two compounds isotypic with each other the 
first requirement of isomorphism must be fulfilled. The cation : anion 
radius ratios in the two compounds differ considerably from each 
other. Because of this difference, the compound (A) cannot contain 
more than about 5 per cent of the compound (B) in solid solution, 
and vice versa. When present in the same rock, the two compounds 
do not form mixed crystals but separate as independent phases. Zir- 
con, Zr[Si0 4 ], and xenotime, Y[P0 4 ], are examples of isotypic min- 
erals. 

Originally, the terms isomorphic and isotypic referred to the 
crystalline compounds as a whole. However, if, instead of the com- 
pounds, only some elements contained therein are considered, the 
terms lose their significance. In geochemistry it is often preferable 
to consider atoms or ions and their mutual relationships in the struc- 
tures of minerals instead of the minerals themselves. Therefore, ac- 
cording to the suggestion made by Paul Niggli and published by 
Strunz (1937), two atoms or ions occurring in a mineral are called 
diadochic if they are capable of replacing each other in the structure 
of the mineral, each occupying the other’s position. Consequently, 
e.g., forsterite and fayalite are isomorphic, but the Pe 2 + and Mg 2+ 
ions in their structures are diadochic. It must be emphasized that the 
concept of diadochy always refers to a given structure; in other 
words, two elements may be diadochic in one mineral and not 
diadochic in another mineral. The concept of diadochy includes the 
actual replaceability in the structure, and diadochy may be complete 
or partial. The substitution is primarily regulated by the space re- 
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quirements of the atoms or ions of the two elements in question. Gen- 
erally speaking, it may be stated that the ion (.4) may replace the 
ion (B) diadochically if the difference in the size of their radii does 
not exceed about 15 per cent of the radius of (B). However, this rule 
is not always valid; it is merely a rough approximation that gives 
some idea of the magnitude of the difference allowed. 

: Along with the space requirements of the two ions replacing each 
other, temperature affects the degree of diadochy. High temperature 
usually favors diadochic substitution. This is well illustrated by the 
salt minerals of the evaporates, as compared with the minerals of the 
igneous rocks (see under '‘Evaporates, 55 p. 218). The salt minerals 
of the evaporates crystallize from an aqueous solution and form at a 
temperature very much low T er than those of crystallizing magmas. 
The salts of the common alkali metals found in the evaporates are 
either potassium compounds, sodium compounds, or, in some cases, 
double salts in which potassium and sodium do not occupy identical 
positions in the structure (e.g., glaserite or aphthitalite, NaK 3 [S 0 4 ] 2 ) 
and consequently are not diadochic with one another. The potassium 
compounds are, as a rule, remarkably devoid of sodium, and vice 
versa. On the other hand, among the alkali minerals of the igneous 
rocks, potash feldspar and soda feldspar, which are very abundant, 
seldom, if ever, are purely potassic or purely sodic minerals. They are 
mostly isomorphic mixtures of the compounds K[AlSi 3 0 8 ] and 
Na[AlSi 3 0 8 ], in which potassium and sodium replace each other in 
random distribution. All petrographic experience favors the conclu- 
sion that the two feldspars are completely isomorphic only at elevated 
temperatures. With decreasing temperature, exsolution takes place 
and causes the formation of the perthitic structure common in the 
alkali feldspars of igneous rocks. It is not known whether the exsolu- 
tion in natural alkali feldspars results in the formation of phases con- 
sisting of pure potash and soda components or whether the exsolved 
potash component still carries considerable quantities of soda, and 
vice versa. Information on the chemical composition of the potash 
and soda phases of perthitic alkali feldspars and experimental inves- 
tigation of the mix-crystals of K[AlSi 3 0 8 ] and Na[AlSi 3 O s ] probably 
would add to the knowledge of the mechanism of the formation of 
perthite. Like the sodium-potassium diadochy of the alkali feldspars, 
probably the sodium-calcium diadochy of the plagioclases also de- 
pends on temperature. 

The clay minerals afford another example of the dependence of 
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diadochy on temperature (see under “Hydrolyzates,” p. 202). Their 
sheetlike structures, evidently formed at low temperatures, are re- 
lated to the structures of micas of igneous rocks. As In the feldspars, 
aluminum in the micas partly replaces silicon diadochically in 4-co- 
ordination. Along with the tetrahedrally co-ordinated aluminum, 
most micas also contain octahedrally co-ordinated aluminum that 
forms bridges between the neighboring sheets of tetrahedra. The low 
temperature of formation of the clay minerals evidently prevents the 
presence of 4-co-ordinated aluminum. Most clay minerals contain 
aluminum exclusively in 6-co-ordination between two adjacent 
sheets of tetrahedra. 


TABLE 5.14 

Ionization Potential of Some Ions in eV 


Ion 

Ionization 

Potential 

Ion 

Ionization 

Potential 

Difference 
(Per Cent) 

Si 4+ 

44.89 

Ge 4+ . . . . 

45 5 

1 

K + 

4 339 

Rb* . . . 

4.176 

4 

Fe 2+ 

16.16 

Co 2 -. . . 

17 3 

7 

Mg 2+ 

14 96 

Fe 2 *. . . . 

16.16 

8 

Al 3+ . . . . 

28 31 

Ga 3 *. . . 

—30 6 

8 

Fe 2+ 

16 16 

Zn 2 *. . . J 

17.89 

11 

Ee 2+ . . 

16.16 

Ni 2+ 

18 2 

IS 

Mg 24 * 

14 96 

Co 2 *. . .. 

17.3 

16 

Mg 2 * 

14.96 

Zn 2 * 

17. S9 

20 

Mg 2+ . . . 

14.96 

Ni 2 * 

18 2 

22 

Rb + 

4.176 

T1+ 

6 106 

32 

Na + 

5.138 

Cu* 

7.723 

50 




Goldschmidt (1937a) discussed the influence of ionization potential 
on the diadochy between elements with the same ionic charge and 
with closely similar ionic radii. He pointed out that some elements 
occupying identical positions in the structures of minerals and there- 
fore being geoehemically closely related have similar ionization po- 
tentials. In Table 5.14 several ionic pairs, with similar charge and 
similar radius, are compared with one another. They are arranged ac- 
cording to the difference in their Ionization potential, expressed in 
percentage of the potential. In agreement with the hypothesis of Gold- 
schmidt, according to which a complete diadochy requires a close simi- 
larity in ionization potential, the difference between the ionization po- 
tentials is very small for the pairs Si^-Ge 4 *, KA-Rb* 7 ", Fe^-Co 24 ", 
Mg 2+ -Fe 2+ , and Al 3+ -Ga 3+ . The remarkably extensive diadochy in 
these pairs is well known. The difference between zinc and ferrous 
iron is smaller than the difference between zinc and magnesium. In 
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fact, zinc shows a closer geochemical relationship to iron than to 
magnesium. The difference between sodium and univalent copper is 
great, and, as a matter of fact, no diadochy exists between these 
metals in ionic minerals. 

In contradiction to Goldschmidt’s rule, the difference between the 
ionization potentials of rubidium and univalent thallium is great. 
The two metals, however, occur together in rocks and show only rela- 
tively small variations in their abundance ratio in various rocks and 
minerals. Moreover, despite the fact that nickel has a decidedly 
closer geochemical relationship to magnesium than to bivalent iron, 
the difference between the ionization potentials of Ni 2+ and Mg 2+ is 
greater than the difference between Ni 2+ and Fe 2+ . 

Along with the properties of the atoms and ions, their environment 
— viz., the atomic arrangement of the structure — evidently affects 
the degree of diadochy. The influence of crystal structure on diad- 
ochy is illustrated by the pair aluminum-ferric iron. It is well 
known that in many minerals aluminum is partly replaced by triva- 
lent iron, and vice versa, particularly in minerals in which aluminum 
is 6-co-ordinated, e.g., in garnets and in spinels. Most of the common 
rock-making mineral groups which carry octahedrally co-ordinated 
aluminum (pyroxenes, amphiboles, micas, etc.) afford additional ex- 
amples of this kind of diadochy. Ferric iron has a remarkable reluc- 
tance to occur in a tetrahedral co-ordination. In some instances, how- 
ever, it occurs inside an oxygen tetrahedron (ferriferous orthoclase, 
cronstedtite; see chap. S3). On the other hand, some common alumi- 
num minerals are known in which the octahedrally co-ordinated 
aluminum apparently cannot become replaced by ferric iron. The 
most striking examples of such minerals are the three simple alumi- 
num silicates, andalusite, kyanite, and sillimanite, which are very 
poor in, or entirely devoid of, ferric iron. It is possible that the lack 
of diadochy between aluminum and ferric iron in the three minerals 
depends on the manner in which the neighboring [A10 6 ] groups are 
linked together in the structure. In the three minerals the neighbor- 
ing [AlOe] groups share two oxygen atoms and consequently have a 
common edge. 

Among other examples of the influence of the crystal structure on 
diadochy the following should be mentioned: With respect to potas- 
sium, rubidium is more strongly enriched in the mica than in the 
potash feldspar of the same rock; bivalent manganese replaces cal- 
cium in apatite but not in anorthite; with respect to zirconium, haf- 
124 



GEOCHEMISTRY OF THE LITHOSPHERE 

niurn appears to become more strongly enriched in thortveitite than 
in zircon. 

The electrostatic neutrality of the structure must be maintained 
in diadochic substitution. Therefore, even though the similarity of 
electric charge of the two ions replacing each other is not necessary 
for the diadochy, the ionic charge affects the substitution. Two possi- 
bilities exist: 

1. The charges of the two ions replacing each other are s im ilar. 

2. An ion is replaced by another ion with a different charge. The 
charge of the second ion may be either low T er or higher than the 
charge of the first ion. 

TABLE 5.15 

Common Examples of Diadochic Substitution 
in Minerals 


Diadochic Substitution with: 


Unchanged Charge 

Increasing Charge 

Decreasing Charge 

Mg 2+ -Pe 2+ -Mn 2+ -Co 2+ -Ni 2 ' i '-Zii 2+ 

K + -Ba 2+ -Sr 2+ -Pb 2+ 

(P“OH"F- 

Al 3+ -Ga 3+ -Mn 3+ -Cr 3+ -Fe 3+ -V 3+ 

K + -Eu 2+ 

Si 4+ -Al 3+ -B 3 + 

Si 4+ -Ge 4+ -Ti 4+ 

KA-La 3+ 

Si^-Be 2 " 

P5+.V5+-As 6+ 

Ca 2+ -Y 3+ 

Ca 2 "-Na + 

K + -Rb + -Cs + -Tl + 

Mg 2+ -Sc 3+ 

Mg 2+ -Li + 

Ca 2+ -Sr 2+ -Mn 2+ 

Mg 2+ -Al 3+ -Ee 3+ -Cr 3+ -V* + 

P 5+ -Si 4+ 

Zr 4+ -Hf 4+ -Th 4+ 

Sc 3+ -Y 3+ -trivalent lanthanides 
Cb 5+ -Ta 5+ 

Sr 2+ -Eu 2+ 

Si 4+ -F + 

Sc 3+ -Zr 4+ -Hf 4+ 

Zn 2+ -Ga 34 '-In 3 ' f 

TY+-Cb 6+ -Ta 5+ 

Fe 2+ -Sc 3+ 

W^-Cb^-Ta^ 


Table 5.15 gives a number of examples of diadochic substitution in 
minerals. A more thorough description of the examples is given in 
Part II. 

One of the most illustrative examples of diadochy between two ions 
of similar charge is probably the pair Ee 2_f -Mg 2 ~. The diadochy of 
these ions plays an important role in almost all ferromagnesian min- 
erals of rocks. Ferrous iron and magnesium replace each other in all 
proportions. However, it is remarkable that, in some minerals for 
which members of different Fe 2+ :Mg 2 + ratios are known, either one 
of the pure end-members appears to be unstable in conditions pre- 
vailing during the formation of rocks. Orthoferrosilite, the pure fer- 
rous end-member of the orthorhombic pyroxenes, and the pure mag- 
nesian end-member of the orthorhombic amphiboles (the anthophyl- 
lite series) may be mentioned as examples of such compounds. It may 
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be concluded, on the basis of thermodynamic reasoning, that changes 
occur in the ferrous iron: magnesium ratio of different minerals in the 
same rock. Thus, e.g., the distribution of ferrous iron and magnesium 
between olivine and orthopyroxene in ultrabasic rocks consisting es- 
sentially of the two minerals appears to depend on the abundance 
ratio of olivine and pyroxene in the rock, on the total iron: magnesi- 
um ratio, and on the temperature range of formation of the rock. 

In diadochic substitution in which the charges of the two replacing 
ions are not similar, the electrostatic neutrality will be disturbed and 
consequently must be re-established. This may be done in various 
ways, e.g., through simultaneous substitution of another ion in the 
structure. The most illustrative example is the substitution of CaAl 
by NaSi in the plagioclase series. It is possible that the small content 
of lanthanum sometimes present in potash feldspar is a result of the 
substitution of KSi by LaBe. Lanthanum might be present in potash 
feldspar as the hypothetical compound La[AlBeSi 2 0 8 ]. Other ex- 
amples are the substitution of FeW by ScCb in wolframite, of ZnS 
by GaAs in sphalerite, etc. In other instances the neutrality is re-es- 
tablished by introducing additional ions outside the regular frame- 
work of the structure. An example is the diadochy between calcium 
and yttrium in yttrofluorite. An additional fluorine ion is introduced 
into the yttrofluorite structure, and a statistical disorder results. The 
opposite manner of re-establishing electric neutrality in the structure 
is to leave one structural position vacant. An example is the diadochy 
between the groups [Si0 4 ] and [(OH) 4 ] in hydrogarnets. In this sub- 
stitution the position of the silicon atom inside the tetrahedron will 
be left unoccupied. Another example is the diadochy 3 Mg-2 A1 in 
micas in which one of the positions of the Mg 2+ ions is left vacant. 

Camouflage, Capturing, and Admission of 
Trace Elements 

The diadochic substitution in common rock-making minerals evi- 
dently regulates the manner of occurrence of the most abundant ele- 
ments of the upper lithosphere. The influence of diadochy on the 
geochemistry of the trace elements is still more important. 

According to their manner of occurence in igneous rocks, the trace 
elements may be divided into two groups. The first group consists 
of the trace elements which usually form independent minerals which 
occur in the rocks as accessory constituents. This group includes, 
among others, sulfur (in sulfide minerals), phosphorus (in apatite and 
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monazite), zirconium (in zircon), fluorine (in fluorite), the rare-earth 
metals (in monazite and allanite), carbon (in carbonate minerals), 
and titanium, in part (in ilmenite, sphene, and rutile). The elements 
of the second group, on the other hand, seldom, if ever, form inde- 
pendent minerals except in rocks in which they happen to be very 
strongly enriched. Typical examples of such elements are manganese, 
rubidium, barium, strontium, chromium, and vanadium. The average 
content of these elements in igneous rocks is too low to allow the 
formation of their independent minerals. Notwithstanding the fact 
that rubidium is more abundant in igneous rocks than zirconium is, 
no rubidium minerals are known. Chromium forms an independent 
mineral, viz., chromite, in ultrabasic rocks in which the content of 
chromium is relatively high (average content 0.34 per cent Cr). The 
distinction between the two groups of elements, however, is not 
sharp. Some elements, such as lead (frequently contained in rocks as 
galena) and boron (in tourmaline), are intermediate. 

Vernadsky (1924), in his geochemical classification of the elements, 
established the group of the dispersed elements. This group includes 
the following elements: Li, Sc, Ga, Br, Rb, Y, In, I, Cs. According 
to Vernadsky, these elements will never become considerably en- 
riched during the major cycle, and they usually form no independ- 
ent minerals. They are dispersed in minerals of other more abundant 
elements and do not prefer the company of any particular element. 
However, the geochemical classification of the elements given by 
Vernadsky is now obsolete and in certain respects erroneous and will 
therefore not be described here. At any rate, his idea of a preferen- 
tially dispersed manner of occurrence of certain elements agrees with 
present geochemical information. 

According to Goldschmidt (1937a, 19446), three structurally dif- 
ferent types of diadochy regulate the dispersed manner of occurrence 
of the trace elements. 

1. Camouflage (T arming ). — A trace element replaces diadochieally 
a common element with similar valence. Camouflage takes place 
when, e.g., gallium replaces aluminum in silicates, oxides, and some 
other minerals, and when germanium replaces silicon in silicates. 

2. Capturing (. Abfangen ). — A trace element replaces a common ele- 
ment with lower valence. Because of its higher charge, the ion of the 
trace element becomes incorporated into the structure more firmly 
than does the ion of the common element. The trace element is cap- 
tured by the structure. Examples of capturing are the occurrence of 
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scandium in magnesium minerals and of barium and lead in potassi- 
um minerals. 

3. Admission . — A trace element replaces a common element with 
higher valence. Consequently, admission is energetically the opposite 
of capturing. Because of the lower charge of the trace element, the 
replacement weakens the structure. Examples of admission are the 
substitution of magnesium by lithium in silicates, phosphates, and 
some other minerals, and the replacement of oxygen by fluorine in 
sphene and other minerals. 

Other examples of camouflage, capturing, and admission are men- 
tioned in Table 5.15 and in Part II of this book. 

CRYSTALLIZATION OF MAGMAS AND ITS PRODUCTS 
Composition of Magmas and of Igneous Rocks 

IGNEOUS AND QUASI-IGNEOUS EOCKS 

In the subsequent paragraphs the geochemistry of the rocks and 
mineral formations will be discussed which, in a broad sense of the 
word, may be called igneous. It appears pertinent to start with a 
few words to explain the meaning of the terms igneous and magmatic 
because in recent years much confusion has arisen on this score. Ac- 
cording to the terminology used in this book, a rock is igneous or 
magmatic if the material of which it consists has been entirely molten 
before attaining its present structure and composition. The material 
of the igneous rocks is either primary juvenile (true igneous rocks) or 
secondary, being derived from basement rocks by remelting (quasi- 
igneous or pseudo-igneous rocks). Of course, it is often extremely dif- 
ficult or even impossible to produce conclusive evidence as to the 
true igneous or quasi-igneous character of a rock. This concerns par- 
ticularly the more acidic rock types, such as granites and granodi- 
orites. As a matter of fact, many of the rocks called igneous and in- 
cluded in the average calculations presented in Table 2.1 may ac- 
tually be quasi-igneous. However, notwithstanding the geological sig- 
nificance of the igneous-looking rocks formed by metasomatic infil- 
tration and recrystallization processes (granitized rocks, etc.), the 
phenomena connected with the crystallization of a rock melt are 
geochemically important and must be separately discussed. This 
concerns particularly the laws which govern chemical differentiation 
caused by the incorporation of a number of elements in the structures 
of the crystallizing minerals. 
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AVERAGE MINERAL OGICAL COMPOSITION OF 
IGNEOUS ROCKS 

In chapter 2 the average chemical composition of igneous rocks 
was used to illustrate the average composition of the Sial crust. How- 
ever, the composition of a single igneous rock very seldom even ap- 
proaches the average composition as presented in Table 2.1. The 
upper lithosphere, which may originally have been rather homo- 
geneous chemically, has differentiated, and at least a part of the 
numerous types of igneous rocks have been formed thereby. 

According to Goldschmidt (1933a), opdalite, an igneous rock found 
at the Opdal-Indset in southern Norway, approaches in composition 
the average of igneous rocks. Opdalite consists mainly of plagioclase, 
potash feldspar, hypersthene, quartz, and augite. The chemical com- 
position of opdalite is presented in Table 2.1, as is the composition 
of the average igneous rock calculated by Clarke and Washington 
(1924) and by Vogt (1931). The close chemical relationship between 
opdalite and the average igneous rock is readily established by com- 
paring the three analyses. 

The comparison between the average chemical composition of ig- 
neous rocks and the composition of the various classes of calc-alkalic 
igneous rocks presented in Table 5.32 shows that the igneous rocks, 
on an average, correspond to diorites or granodiorites. However, in 
the average composition the content of the alkali metals, particular- 
ly of potassium, is somewhat higher than in diorites and granodi- 
orites. 

The average chemical composition of igneous rocks may be used as 
a starting point in the survey dealing with the manner of occurrence 
of the elements therein. It must be noted that the average chemical 
composition of the igneous rocks indicates only the abundance of the 
elements and not their manner of occurrence as characterized by the 
minerals in which the elements are incorporated. The average min- 
eralogical composition of igneous rocks is, therefore, of fundamental 
importance for geochemical consideration of the occurrence of the 
elements in such rocks. The average mineralogical composition of the 
igneous rocks is summarized in Table 5.16, which contains the norms 
computed for the average composition of igneous rocks given by 
Vogt (1931) and by Clarke and Washington (1924). The nonnative 
composition is presented, in order to allow comparison with the mode 
of the average igneous rock reported by Clarke (1924). His values 
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represent tke average mode or actual mineralogical composition of 
about 700 igneous rocks. 

Geochemically, it is of importance to consider the abundance of 
minerals and mineral groups in igneous rocks. Table 5.16 shows that 
the feldspars form nearly 60 per cent of the mass of igneous rocks and 
that therefore the feldspars are geochemically the most important 
group of minerals. The pyroxenes and amphiboles come next. They 
are essentially silicates of iron and magnesium and consequently in- 
clude the bulk of the two metals present in the upper lithosphere. 

TABLE 5.16 

Average Mineralogical Composition of Igneous Rocks 
(Composition Given in Per Cent by Weight) 


Constituent 

Norm Calculate 
Composition of 
Given 

Vogt 

id from Average 
Igneous Rocks 

■ BY — 

Clarke and 
Washington 

Mineral 

Mode Ac- 
cording to 

Clarke 

Orthoelase 

21 6 l 

IS 81 

Feldspars 

59 5 

Albite 

29 2 [67 0 

33 o[67 5 

Quarter. 

12 0 

Anorthite 

16 2 l 

15.71 

Hornblende and pyroxene 

16 S 

Quartz 

17 6 

9 0 

Biotite 

3 8 

CaSiO 3 

2 0 ] 

3 31 

Titanium minerals 

1 5 

MgSiOs 

6 1 Li g 

8 8 l 7 

Apatite 

0 6 

FeSiOs 

3 7 11 S 

5 4 ! 17 7 

Other rock-making miner- 


MnSiOs 

J 

0 2 j 

als . . . 

5 S 

Ilmenite 

1 0 

2 0 



Hematite 

2 2 

3 1 



Apatite 

0.4 

0.7 



Total 

100.0 

100.0 

Total 

100 0 


Quartz occupies the third place, but all other minerals are, both 
quantitatively and geochemically, of minor importance. 


THE MOST IMPORTANT ROCK-MAKING MINERALS 
OF IGNEOUS ROCKS 

During the crystallization of a calc-alkalic magma, three different 
stages are usually distinguished, viz., the early magmatic stage, the 
main stage of crystallization, and the late magmatic stage. The 
crystallization of magmas will be discussed in later paragraphs of 
this chapter. Among the products of crystallization, the igneous 
rocks formed during the main stage predominate in the upper litho- 
sphere. They are principally composed of the eight main elements of 
the upper lithosphere, viz., oxygen, silicon, aluminum, iron, calcium, 
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sodium, potassium, and magnesium. In silicate minerals, sodium, 
potassium, and calcium are found to be predominantly combined 
with aluminum and oxygen to form aluminosilicates, whereas iron 
and magnesium do not possess this property. The feldspars and 
feldspathoids, which are the most typical aluminosilicates, are, to- 
gether with quartz, the chief salic rock-making minerals. Their most 
typical cations are Na+, K+, Ca 2+ , and Al 3 + The femic constituents 
of igneous rocks contain Mg 2 +, Fe 2+ , Fe 3+ , and, in part, Ca 2 + and 
AP+. 

Only those mineral groups and species will be treated in this book 
which, according to Table 5.16, are very abundant or which are sig- 
nificant in certain rare, but geochemically important, rocks. Conse- 
quently, a number of mineralogically and petrologically important 
rare minerals which may characterize certain igneous rocks will not 
be considered in this chapter, the reason being their geochemical in- 
significance. Only the following groups and species will be discussed: 

Feldspars Olivines 

Feldspathoids Quartz 

Pyroxenes and amphiboles Micas 

However, it is important to notice that numerous accessory minerals 
which usually occur in igneous rocks in very small quantities may be 
geochemically more significant than certain species found as main 
constituents in rare rock types. It is evident, for example, that apa- 
tite, zircon, sphene, and the ore minerals are more common and more 
abundant constituents of igneous rocks than are many of the chief 
rock-making constituents of rare rocks, such as nepheline and leucite 
in alkalic rocks. The most important accessory minerals of igneous 
rocks are also of geochemical importance and consequently will be 
incorporated into the discussion. 

FELDSPARS 

STRUCTURE OF THE FELDSPARS 

Notwithstanding the fact that the feldspars are both petrologi- 
cally and geochemically the most important mineral group of the 
upper lithosphere, they are mineralogically rather incompletely 
known. Even though optical methods have been developed for the 
chemical characterization of the feldspars (see, e.g., Wenk, 1945-), the 
petrologically important relationship between optical properties and 
chemical composition in natural feldspars is far from being definitely 
solved. Numerous examples show that conclusions concerning the 
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chemical composition of the feldspars drawn from their optical 
properties are not always unequivocal. Moreover, the optical prop- 
erties of the feldspars appear to depend, in a curious way, on the 
antecedents of the material. This is probably also the case with the 
frequent twinning of the feldspars (Kohler, 1948). 

The variation of optical and other properties is understood on the 
basis of crystal structure. Even though a detailed knowledge of the 
crystal structure of the feldspars still must await the results of future 
investigations, some fundamental features are well understood. All 
feldspars possess a continuous three-dimensional silicon-oxygen- 
aluminum network in which [Si0 4 ] and [A10 4 ] tetrahedra share all 

TABLE 5.17 

The Natural Feldspars 


Group 

Symbol 

Mineral 

Crystal system 

Formula 

Barium feldspar 

Cn 

Celsian 

Hyalophane 

Monoclinic 

Monoclinic 

BatAl.Si.Os] 

Cn+Or 

Potash feldspar 

f 

Or | 

Orthoclase 

Adularia 

Microcline 

Monoclmic 

Monoclinic 

Triclinic 

Jk[A 1SUO s ] 

Potash-soda feldspar. . 


Sanidine 

Soda orthoclase 
Anorthoclase 

Monoclinic 

Monoclinic 

Triclinic 

]or+Ab 

J 

Plagioclase 

Ab 

An 

Albite 

Anorthite 

Triclinic 

Triclinic 

NafAlSisOs] 

Ca[Al.SLO s ] 


four oxygen atoms with the neighboring tetrahedra. The resulting 
framework is flexible (Taylor, 1934) and gives rise to overstructures 
and other complications which greatly handicap a detailed study. 

For the reasons explained above, the division of the feldspar min- 
erals is still somewhat uncertain in details. If, along with a given 
chemical composition, a definite crystal structure with exactly fixed 
positions of the atoms and ions is accepted as a requirement for dis- 
tinguishing between mineral species, the classification of the feld- 
spars becomes difficult. The flexibility of the silicon-oxygen-alumi- 
num framework makes the whole conception of a feldspar species 
more or less hazy. This circumstance appears to be characteristic of 
some alkali feldspars. Therefore, the customary classification of nat- 
ural feldspars, presented in Table 5.17, must be considered to be 
only tentative. 

The fundamental unit of the feldspar structure, the [Si0 4 ] or [A10 4 ] 
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tetrahedron, shares all four oxygen ions with the neighboring tetra- 
hedra. In all feldspars, four tetrahedra are linked together to a four- 
ring, which apparently is a very stable unit. When viewed in the di- 
rection of the crystallographic a-axis, the framework consists of tetra- 
hedra arranged in tetragons and collapsed octagons (see Fig. 5.3). 
The Na + , K+, Ca 2+ , and Ba 2+ ions are situated in the octagonal open- 
ings. Because the four-rings are relatively strong, the cleavage planes 
parallel to (001) and (010) break the bonds between the four-rings 
and leave the rings themselves unaffected (Taylor, 1933; Taylor, 
Darbyshire, and Strunz, 1934). 

The crystal symmetry of the feldspars appears to depend on the 
cations. The feldspars are either monoclinic (pseudo-monoclinic) or 
triclinic. If the cations situated inside the collapsed octagonal chains 



Fig. 5.3. — Structure of the feldspars. The markedly pseudo-tetragonal a-axis is perpendicu- 
lar to the plane of the paper. K marks the places of the K + ions. 

are relatively small (Na + , Ca 2+ ), a true triclinic symmetry results; 
but, if the cations are large (K+, Ba 2+ ), the symmetry is strictly 
monoclinic or almost monoclinic (pseudo-monoclinic). The flexibility 
of the silicon-oxygen-aluminum framework makes a variation in the 
co-ordination number of the cations with reference to oxygen pos- 
sible, with but slight changes in the framework itself. In the albite 
structure, Na* is 6-co-ordinated, whereas Ca 2+ in the anorthite struc- 
ture is 7-co-ordinated. The co-ordination number of K> and Ba 2 * is 
9. The rather irregular configuration of the oxygen ions around the 
potassium and barium ions is due to the great size of these cations. 

The fact that each oxygen atom is shared by two neighboring 
[Si0 4 ] or [A10 4 ] tetrahedra is a special feature of all three-dimension- 
ally continuous framework structures. Formally, they may be de- 
rived from silica, in which the Si : 0 ratio is 1 : 2. If, in a unit contain- 
ing 12 molecules of silica (Sii 2 0 24 ) 5 3 Si 4 * ions are replaced by Al 3 * 
ions, 3 univalent positive ions must be introduced into the empty 
spaces of the framework to maintain the electric neutrality of the 
structure. Albite represents the result of the replacement (Table 5.18). 
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If, in the same silica unit, 4 Si 4+ ions are replaced by Al 3+ ions, 4 uni- 
valent cations must be introduced, and the result is a compound like 
soda leucite. If 6 Si 4+ ions are replaced by Al 3+ ions, the electrostatic 
neutrality can be maintained by introducing either 6 univalent cat- 
ions to form nepheline or 3 bivalent cations, by which anorthite is 
produced. The A1 : Si ratio indicates the degree of silicification of the 
structure. 

In the feldspar structure, all aluminum is 4-co-ordinated inside the 
[AlOJ tetrahedra. In some other minerals like pyroxenes, amphi- 
boles, and the simple aluminum silicates (sillimanite, andalusite), the 
co-ordination number of aluminum is only partly 4, and partly 5 (in 


TABLE 5.18 

Formal Derivation of Aluminosilicates from Silica 


Silica 

Replacement 

Result 

AI:Si 

Sii2024 

3 Si by 3(NaAl) 

3 NaAlSiA 
Albite 

1:3 

Sil2024 

4 Si by 4(NaAl) 

4 NaAlSi 2 0 6 

Soda leucite 

1:2 

Siia024 

6 Si by 6(NaAl) 

6 NaAlSi0 4 
Nepheline 

1:1 

Siio0 2 4 

6 Si by 3(CaAJ 2 ) 

3 CaAl 2 Si 2 0 8 
Anorthite 

1:1 


andalusite) or 6 (in sillimanite). The frequent occurrence of both 4- 
and 6-co-ordinated aluminum in silicate minerals of the upper litho- 
sphere (see under “Crystal Chemistry and Geochemistry, 55 p. 116) 
makes it convenient to apply different designations to the two types 
of aluminum-bearing silicate minerals. According to the terminology 
customarily employed by some silicate chemists (e.g., Eitel, 1941), 
the silicates containing 4-co-ordinated aluminum in similar struc- 
tural positions as the silicon ions are called aluminosilicates. Silicates 
in which aluminum does not replace silicon but occurs outside the 
complex silicon-oxygen network are called aluminum silicates. The 
feldspars are typical aluminosilicates; probably the best example of 
an aluminum silicate is kyanite, in which all aluminum is 6-co-or- 
dinated. Of course, many important minerals and mineral groups 
represent intermediate types in which aluminum occurs both in 4- 
and in 6-co-ordination. 

The formation of silicates with a continuous three-dimensional 
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framework of [Si0 4 ] tetrahedra requires the replacement of silicon by 
another cation with a lower charge. In the aluminosilicates, silicon is 
replaced by aluminum, and the electric neutrality of the structure is 
maintained by the introduction of new cations. However, silicon may 
be replaced also by the small Be 2+ and B 3+ ions. Beryllium is always 
4-co-ordinated in silicate minerals; the co-ordination number of 
boron is either 3 or 4. Silicates containing [BeOJ or [B0 4 ] groups in 
the continuous three-dimensional framework of tetrahedra are called 
beryllosilicates and borosilicates, respectively. Formally, they may 
be derived from silica in the same way as are the aluminosilicates. 
Examples of the borosilicate and beryllosilieate minerals are dan- 
burite, Ca[B 2 Si 2 08], and probably gadolinite, Y 2 Fe[0|BeSi0 4 ] 2 . 

THE FELDSPAR MINERALS AND THEIR CH EMIC AL COMPOSITION 

The Plagiocla.se Series. — In petrological nomenclature it is cus- 
tomary to designate mixtures with different Ab : An ratios as follows: 

Name An Molecular Per Cent 


Albite 

0-10 

Oligoelase 

10-30 

Andesine 

30-50 

Labradorite 

50-70 

Bytownite . ... 

70-90 

Anorthite 

90-100 


The average chemical composition of plagioclase of some igneous 
rock classes is presented in Table 5.19. All figures in this table are 
from Chirvinsky (1931). In the lower part of the table the molecular 
composition is computed, given as the percentage of the xAn, Ab, and 
Or molecules. The values show that the series of natural plagioelases 
is no strict two-component system but almost always contains small 
amounts of potash feldspar in solid solution. The potash content 
(Or) appears to be fairly uniform and, to a first approximation, inde- 
pendent of the Ab : An ratio. The Ab : An ratio is different in different 
groups of igneous rocks. 

The albite-anorthite series is usually regarded as one of the most 
ideal isomorphic series among the silicate minerals. The occurrence 
of all intermediate solid solutions between pure albite and pure anor- 
thite in rocks, the smooth and continuous liquidus and solidus curves 
in the phase diagram of the plagioelases (Bowen, 1913), along with 
other features, appear to indicate that the isomorphism between al- 
bite and anorthite is perfect. According to Chao and Taylor (1940), 
however, some features in the X-ray data indicate that the isomor- 
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phic relationship between albite and anorthite is not too simple. 
These authors state that albite and anorthite have slightly different 
structures. The dimensions of the unit cells of the two minerals are 
fairly similar, except that the length of the c-axis of anorthite is twice 
the length of the c-axis of albite. Three different structures exist in 
the albite-anorthite series : albite structure extends from pure albite 
to >22 An, an intermediate structure occupies the range from <57 
An to >67 An, and anorthite structure starts with < 80 An. The pla- 

TABLE 5.19 

Average Composition of Feldspars of Various Igneous Rocks 
(Composition as Oxides Given in Weight Percentage, as Feldspar 
Molecules in Molecular Percentage) 


Constituent 

Potash 
Feldspar, 
Granites 
and Gran- 
ite Sye- 
nites 

Anor- 

THOCLASE, 

Volcanic 

Rocks 

Plagioclase 

Gabbros 
and Nor- 
ites 

Diorites 

Granites 
and Gran- 
ite Peg- 
matites 

Neplieline 

Syenites 

Syenites 

No. of analyses . . 

18 

30 

69 

26 

59 

11 

4 

Si0 2 

64.13 

65.61 

52.47 

55.11 

64 60 

64 95 

63 51 

ai 2 o 3 

19.40 

20.42 

29.31 

27.52 

21.46 

21 33 

22 56 

CaO 

1 00 

1.45 

11.82 

9.39 

2 51 

1.72 

4.20 

Na 2 0 

2 6S 

7 91 

4 12 

5.02 

9 22 

9 64 

8.02 

K 2 0 

11 71 

3.82 

1 47 

1 33 

1.12 

1 51 

0.95 

Total. . . 

98 92 

99.21 

99.19 

98 37 

98.91 

99 15 

99.24 

An 

5 

7 

58 

47 

13 

8 

21 

Ab 

25 

70 

34 

45 

81 

83 

74 

Or 

70 

23 

8 

8 

6 

9 

5 

Total 

100 

100 

100 

100 

100 

100 

100 


gioclases of intermediate composition consist of sheets along the di- 
rection of the c-axis. The sheets have alternating albite and anorthite 
structure and their thickness is only a few unit cells. 

According to the considerations on the structural order and disor- 
der of isomorphic mixtures presented by Buerger (1948), at elevated 
temperatures albite and anorthite undoubtedly form solid solutions 
with all Ab:An ratios. However, at room temperature a double iso- 
morphism exists. An unmixing takes place in plagioclases of inter- 
mediate composition in a temperature region well below the solidus 
curve of the phase diagram. This hypothesis requires further experi- 
mental verification. 
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The Barium Feldspars. — Celsian and hyalophane are extremely 
rare, and therefore their geochemical significance is small. The iso- 
morphism between celsian and orthoclase (or adularia) is believed to 
be continuous, but this hypothesis thus far has not been verified by 
structural investigations. Mineralogicallv, the barium feldspar series 
is analogous to the plagioclase series. 

The Potash Feldspars.— The structural relationships among the 
three potash feldspars — orthoclase, adularia, and microcline — have 
thus far not been studied in detail. The structure of orthoclase is 
accurately known (Chao, Hargreaves, and Taylor, 1939). In ortho- 
clase some of the bonds between 0 2 ~ and K+ ions appear to be dead. 
The existence of dead bonds is structurally important; they may be 
frequent in silicate structures in which electrostatic neutrality is not 
completely maintained. 

In contrast to the suggestion of E. Mallard in 1876 that orthoclase 
is submicroscopically twinned microcline, it is now generally held 
that the difference between the two minerals is based on a real differ- 
ence in atomic arrangement. 

The average chemical composition of potash feldspar from granites 
and granite syenites is presented in Table 5.19. The analyses indicate 
that the common potash feldspars of acidic igneous rocks contain ap- 
preciable amounts of the sodic component. 

The Potash-Soda Feldspars. — A potash feldspar approaching 
the composition XvAlSi 3 O s is a great rarity in Nature. Orthoclase, 
microcline, and even adularia almost always contain considerable 
quantities of soda feldspar. No exact terminology, corresponding to 
that of the plagioclases, has ever been suggested for the intermedi- 
ate members in the Or-Ab series. Orthoclase and microcline with a 
relatively high soda content are simply called soda orthoclase 
and soda microcline, respectively. The molecules EAiSi 3 0 3 and 
NaAlSi 3 Os probably form a continuous series of solid solutions at high 
temperatures, but below the temperature range of the solidus curve 
there is a gap in the isomorphic series, and it expands in width toward 
lower temperatures. Anorthoclase is the pseudo-monoclinic equiva- 
lent of an albite-rich plagioclase with a high potash content. The 
average chemical composition of anorthoclase from volcanic rocks is 
presented in Table 5.19. 

The implication of the name sanidine is not chemical but struc- 
tural. It refers to a potash feldspar, usually rich in the soda compo- 
nent and with optical properties deviating from those of orthoclase 
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and adularia. The structural difference between orthoclase and sani- 
dine is not definitely established. However, it appears evident that 
sanidine represents a high-temperature form of potash feldspar or of 
potash-soda feldspar in which the potassium and sodium ions are 
distributed at random (Spencer, 1930, 1937, 1938). On prolonged 
heating at temperatures not far below their melting point, the 
potash-soda feldspars become permanently sanidinized. 

It was realized long ago that orthoclase perthite and microcline 
perthite are regular intergrowths of potash-rich and soda-rich com- 
ponents. Recent investigations by Chao, Smare, and Taylor (1939) 
and by Chao and Taylor (1940) have shed more light on the perthite 
problem. The perthitic unmixing, by diffusion of the alkali metal 
ions through the relatively open feldspar structure, results in the 
formation of an ordinary orthoclase or microcline component and of 
a sodic component different from albite. 

The existence of a monoclinic soda feldspar, called barbierite, was 
suggested by Schaller (1910), and a similar suggestion was made by 
Ito (1938) on the basis of structural investigations. The supposed 
monoclinic soda feldspar mostly occurs in sanidine as a product of 
unmixing. Further verification is obviously needed (Chao and Tay- 
lor, 1940). 

CATIONS ACCOMMODATED IN THE FELDSPAR STRUCTURE 

The list of feldspar minerals presented in Table 5.17 raises the 
question whether sodium, calcium, potassium, and barium are the 
only metals able to form a stable aluminosilicate with feldspar struc- 
ture. The cations of these metals are relatively large and consequent- 
ly are able to fill the empty spaces in the octagonal chains of the 
feldspar structure. It is remarkable that such metals as magnesium 
and iron do not enter into the feldspar structure. The reason appar- 
ently is the small size of the Fe 2+ and Mg 2+ ions; they require a 6-fold 
co-ordination. 

Schiebold (1931) has discussed the stability of aluminosilicates of 
the feldspar type. On the basis of the Born-Haber cycle, Schiebold 
estimated the heat of formation of the feldspar compound and the 
heat of formation of the component oxide mixture for a number of 
univalent and bivalent metals. The heat of formation of the hypo- 
thetical feldspars, calculated from Schiebold’s figures, is presented in 
Table 5.20. It must be kept in mind that, because of the scarcity of 
reliable data underlying the computations, the values given in Table 
5.20 are to be considered only rough approximations. 
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The values listed in this table agree qualitatively with general 
mineralogical and geochemical observations. The values of AH are 
negative for the feldspar compounds of sodium, potassium, rubidium, 
cesium, thallium, calcium, strontium, barium, and lead, whereas the 
A H values for the feldspar compounds of the other metals listed in 
Table 5.20 are positive. The metals for which the AH values are 
negative most probably form a stable feldspar structure, whereas 

TABLE 5.20 

Approximate Heat of Formation from Compo- 


nent Oxides (Aff) of Hypothetical Feld- 


spars of Some 
Metals 

Univalent and Bivalent 

Heat of 

Feldspar Compound 

Formation (AH) 
(kcal/mol) 

LLAlShOg . . 

-j- 35 

NaAlSisOg 

— 59 

KAlSisOs 

-117 

RbAlSi 3 O s . . 

-130 

CsAlSigOg. . 

-145 

CuAlShOs. ■ . 

+91 

AgAlSisOs 

+ 126 

AuAlSisOs . . 

+134 (?) 

TlAlSigOg 

- 46 

BeAlaSisOs . . . 

+214 

MgAJsSisOg • • 

+62 

CaAUSigOs • • 

- 61 

SrAlsSisOs 

- 92 

BaAlgSigOs • • • 

. . -133 

XnAleSMJs ■ • • ■ 

+100 

CdAljSisOs. ■ 

+ 41 

HgAlsSisOs • • 

~+ 67 

MnALSioOg . . 

+ 4£ 

FeALSbOg 

.... +44 

CoAlsSiaOs • • ■ 

+ 92 

NLAloSi 2 0 8 . . 

+109 

PbAlsSisOg 

- 34 


those for which AH is positive do not. As a matter of fact, sodium, 
potassium, calcium, and barium feldspars exist in Nature. A stable 
strontium feldspar was prepared by Eskola (1922), and a stable lead 
feldspar by Kohler (1935). Rubidium is found as a frequent constitu- 
ent of potash feldspars, and cesium and thallium are also reported to 
occur in potash feldspars, particularly in those from pegmatites. On 
the other hand, lithium feldspar appears from Table 5.20. to be un- 
stable; in fact, it has never been found in Nature. Even in lithium 
pegmatites, in which it is highly concentrated, lithium forms spodu- 
mene, petalite, and other independent minerals. The fact that small 
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amounts of lithium may be present in pegmatite feldspars affords an 
example of a structure (feldspar) containing in solid solution small 
quantities of a compound (LiAlSLOg) which is not stable alone. 

A ferriferous orthoclase with up to 11-12 molecular per cent 
KFeShOg has been found in Madagascar (Lacroix, 1922) . Confirming 
the early synthesis of P. Hautefeuille and A. Perrey, Faust (1936) 
definitely established the existence of the pure ferriferous analogue 
of potash feldspar, in which ferric iron replaces aluminum. Potash 
feldspar analyses reported in literature sometimes show traces of 
Fe 2 Os. This fact appears to indicate that the ordinary potash feldspar 
may contain small quantities of the ferriferous compound in solid 
solution. It is very probable that the red color, characteristic of many 
potash feldspars, has originated through unmixing and subsequent 
disintegration of the ferriferous component under the formation of 
hematite. 

FELDSPATHOIDS 

The content of the feldspathoids is not given separately in the 
average mineralogical composition of igneous rocks, as indicated in 
Table 5.16. The reason is that the alkali-rich rocks in which these 
minerals occur are very rare. Even though the feldspathoids in the 
alkalic rocks are geochemically as important as the feldspars in calc- 
alkalic rocks, their geochemical role in the upper lithosphere is rather 
unimportant. However, with reference to their structure and com- 
position, the feldspathoids are comparable to the feldspars. 

The concept of the feldspathoids is merely petrographic. The indi- 
vidual minerals classified among the feldspathoids form no separate 
mineral group which would correspond to the feldspar group. The 
following minerals are usually included among the feldspathoids: 

Nepheline, Na[AlSi0 4 ] 

Kaliopliilite, KfAlSiOJ 
Kalsilite, K[AlSiG 4 ] 

Leucite, /3-K[AlSi 2 0 6 ] 

Cancrinite, (Na 2 ,Ca) 4 [C0 3 ] (H 2 O) 0 - 3 1 (AlSi0 4 ) 6 ] 

Sodalite, Na 8 [Cl 2 | (AlSi0 4 ) 6 ] 

Noselite, Na s [S0 4 1 (AlSi0 4 ) 6 ] 

Hauynite, (Na,Ca) S - 4 [(S0 4 ),_ 1 | (AlSi0 4 ) 6 ] 

Like the feldspars, these minerals have a continuous three-dimen- 
sional framework of [Si0 4 ] and [AlOJ tetrahedra. Along with the 
large cations Na + , K + , and Ca 2 +, the anions Cl™, S0 4 “, and COir in 
some of the feldspathoids populate the interstitial spaces of the com- 
plex sihcon-oxygen-ahmiinum framework. In most feldspathoids the 
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A1 : Si ratio is 1 : 1 ; only in leucite is it 1 In potash and soda feld- 
spars the ratio is 1:3, and in lime feldspar 1:1. Because pure anor- 
thite is extremely rare in Nature, the actual A1 : Si ratio in the plagio- 
clases lies between 1 : 1 and 1 :3. Consequently, the A1 : Si ratio in the 
chemically corresponding feldspars and feldspathoids is different in 
so far as the number of aluminum atoms is greater in the feldspath- 
oids in relation to the number of silicon atoms. In other words, the 
degree of silicification is higher in the feldspars than in the feld- 
spathoids. The lattice energy of the feldspathoids is probably lower 
than the lattice energy of the corresponding feldspars. 

Owing to their relative rarity, canerinite, sodalite, noselite, and 
hauynite are of minor importance in the geochemistry of the upper 
lithosphere. Kaliophilite (phacellite) and kalsilite have been found 
only at Vesuvius and in Uganda, respectively (Bannister, 1931, 
1942). Nepheline, kaliophilite, and kalsilite are all hexagonal and 
optically negative. It is impossible to distinguish microscopically be- 
tween kalsilite and nepheline. Kaliophilite has slightly lower refractive 
indices than has nepheline, but apparently the difference is too small 
for proper identification. It seems to be possible that kaliophilite and 
kalsilite actually are more frequent minerals than is commonly as- 
sumed. However, their abundance compared with the abundance of 
nepheline is certainly low. 

The compound NaAlSiCh is dimorphic. Nepheline, which is the 
low-temperature (j3-) form, is stable below about 1,248° C., whereas 
the high-temperature (a-) form, carnegieite, is stable above that tem- 
perature. Carnegieite has not been found in Nature. The average 
chemical composition of nepheline from nepheline syenites is pre- 
sented, according to Chirvinskv (1931), in Table 5.21. The analysis 
indicates that nepheline contains appreciable amounts of potassium. 
Bowen and Ellestad (1937) showed that the soda .-potash ratio in 
nepheline depends on the soda -.potash ratio of the rock as a whole, 
in so far as nephelines from rocks richer in potash are higher in the 
potash component. 

Nepheline also contains a little calcium, which is due to the limited 
isomorphism between nepheline and anorthite. However, according 
to Schiebold (1931), it is probable that the electric charge of the Ca 2+ 
ions in the nepheline structure is not completely neutralized, and 
therefore the compound CaO • A1 2 0 3 -SSiOo cannot form a stable 
structure similar to the nepheline structure. The calcium nephe- 
line, CaDAlSi0 4 ] 2 , which has the same bulk composition as anorthite, 

141 



GEOCHEMISTRY 


CajAkSkOs], is unknown in Nature and has never been prepared in 
the laboratory. 

Figure 5.3 shows that the complex -Si-O-Al-network of the feld- 
spars consists of alternating tetragonal and octagonal rings. The big 
cations situated outside the network populate the octagonal cavities. 
In nepheline the -Si-O-Al-network forms hexagonal cells in a honey- 
comb-like arrangement, which is shown in Figure 5.4. The structure 
of nepheline may be derived from the structure of tridymite. Com- 
pared with the feldspar structure, that of nepheline is less stable. 
Consequently, nepheline forms only when the amount of silica avail- 
able is insufficient for the formation of the feldspars. 

TABLE 5.21 

Average Chemical Composition of 
Nepheline and Leucite 
(Composition Given in Per Cent by Weight) 



Nepheline from 

Leucite from 

Constituent 

Nepheline 

Vesuvius, 


Syenites 

Italy 

No. of analyses 

16 

14 

Si0 2 

43 97 

56.39 

AlaO, 

32 89 

23 10 

CaO . 

0 43 

0 27 

Na 2 0 

15 73 

2 17 

K 2 0 

5 45 

18 05 

Total 

9S 47 

99.98 


Kaliophilite has a large and rather complicated unit cell with 54 
molecules of KAlSi0 4 . It is not isomorphic with nepheline, which has 
only 8 molecules of NaAlSi0 4 in its unit cell. A complete series of 
solid solutions exists between nepheline and kalsilite. The length of 
the a-axis of the unit cell of nepheline is approximately twice that of 
kalsilite, and the length of the c-axis of the two minerals is rather 
similar. According to Bannister (1942), the series between nepheline 
and kalsilite probably is analogous to the plagiociase series. At high 
temperatures the isomorphism is complete, but, in lower-temperature 
ranges, unmixing of the end-components takes place in mixtures of 
intermediate composition. This hypothesis, however, needs verifica- 
tion. 

Besides nepheline, leucite is the most abundant among the feld- 
spathoids. The average chemical composition of leucite from the lavas 
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of Vesuvius is presented in Table 5.21 according to Ckirvinsky 
( 1931 ). The table also shows that leucite contains the corresponding 
soda component in solid solution. A little calcium is also present. 
Like NaAlSi0 4 , IvAIs-ijOo is also dimorphic. The orthorhombic low- 
temperature form of leucite is stable below 603 ° C., whereas the iso- 
metric high-temperature form is stable above that temperature. 

The structures of leucite and nepheline are somewhat less stable 
than those of potash feldspar and soda feldspar, respectively. Nephe- 
line is unstable in association w T itk silica and reacts therewith under 
the formation of albite. At temperatures below the incongruent melt- 
ing point of orthoclase (1,170° C.), leucite is also unstable in the pres- 
ence of silica. Nepheline and leucite differ from each other with ref- 



Tig. ? A — Structure of nepheline. The c-axis is perpendicular to the plane of the paper. 
The positions of the Na + ions within the hexagonal cavities are marked. 


erence to their manner of occurrence. Unlike nepheline, leucite occurs 
in volcanic rocks which were crystallized at low pressures. In deep- 
seated igneous rocks potash feldspar forms instead of leucite. It is 
unknown whether kaliophilite and kalsilite occur in deep-seated 
igneous rocks. 

PYROXENES AND AMPHIBOLES 
STRUCTURE OF PYROXENES AND AMPHIBOLES 

According to Table 5.16, the pyroxenes and the amphiboles pre- 
dominate among the dark constituents of igneous rocks. Structurally, 
pyroxenes and amphiboles are closely related. They belong to the 
inosilicates, which consist of infinite chains and double chains of 
[Si0 4 ] tetrahedra. In the pyroxenes the chain consists of tetrahedra, 
each of which shares two oxygen ions with its neighbors. In the am- 
phiboles two infinite chains of tetrahedra are linked together by 
oxygen ions, and the tetrahedra share alternately two and three oxy- 
gen ions. The chains of the pyroxenes and the double chains of the 
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amphiboles are arranged parallel to the c-axis of the crystal, and their 
planes are perpendicular to (010). This structure, which is presented, 
after Bragg (1937), in Figure 5.5, explains the difference in the cleav- 
age of the pyroxenes and of the amphiboles. The chains and double 
chains are linked by various cations, and the bond between the oxy- 
gen ions and the cations is weaker than the bond between the silicon 
and the oxygen ions. Cleavage takes place diagonally through the 







Fig. 5.5. — Structure of the silicon-oxygen chains and cleavage in the pyroxenes (top) and 
in the amphiboles ( bottom ) . (Based on material from Atomic Structure of Minerals , by W. L. 
Bragg, 1937. Courtesy of Cornell University Press.) 


crystal and does not break the Si-0 chains. The cleavage planes are 
therefore parallel to (110) both in pyroxenes and in amphiboles. 


GENERAL CHEMICAL COMPOSITION OF PYROXENES AND AMPHIBOLES 

The pyroxene and amphibole groups contain numerous minerals 
which differ both mineralogically and chemically from one another. 
However, the following general formulas may be given for the two 
groups : 

Pyroxenes: RofSbOe] , 

Amphiboles: Ri 4 [( 0 H) 4 ]Sii 6 044 ] . 

In these formulas, R is M g 2+ , Fe 2+ , or Ca 2+ and, in many types, Al 3+ , 
Fe 3+ , Ti 3+ , Mn 3 h Mn 2+ , Na + , K>, Li+ etc. In the amphiboles the 
OH~ group is partly replaced by O 2- or by F~. 
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PYROXENES 

Three series of pyroxenes occur in igneous rocks, as follows: 

1 . Orthorhombic pyroxenes or orthopyroxenes 
Enstatite, Mg 2 [Si 2 0 6 ] 

✓Hypersthene, (Mg,Fe) 2 [Si 2 0 6 ] 

L 2. Diopside-jadeite series 

t Clinoenstatite, Mg 2 [Si 2 0 6 ] 

Clinoferrosilite, Fe 2 [Si 2 0 6 ] 

. Diopside, CaMg[Si 2 0 6 ] 
v/Hedenbergite, CaFe[Si 2 0 6 ] 

Johannsenite, CaMn[Si 2 0 6 ] 

Spodumene, LiAl[Si 2 0 6 ] 

Jadeite, NaAl[Si 2 Oe] 

Aegirite, NaFe[Si 2 Q6] 

3. Augite series 

Augite, Ca 6 . 5 Nao. 5 Fe 2 + Mg 6 (Al,Fe 3 - t ) Ti) 2 [Al 2 Sii 40 4S ] 

Diallage, and others 

The formulas presented above are idealized. A more or less com- 
plete isomorphism exists between the various components in the 
three series, and the pyroxenes found in Nature are always mixtures. 
The pyroxenes of volcanic rocks usually are more variable in compo- 
sition than are the pyroxenes of plutonic rocks. The reason is that at 
elevated temperatures the expanding structures allow a higher de- 
gree of diadochic substitution than at low temperatures. In the rela- 
tively rapidly solidified volcanic rocks the unmixing in the mineral 
structures has been limited, whereas in the deep-seated rocks the 
degree of the diadochic substitution has been constantly adjusted ac- 
cording to the decreasing temperature during crystallization. 

The role of aluminum in the pyroxene structure is remarkable- In 
the orthorhombic pyroxenes and in those of the diopside-jadeite se- 
ries, Al 3+ is hardly, if at all, capable of substituting for Si 4 ^ in the 
[SiOJ tetrahedra. In the augite series, however, up to one-fourth of 
the Si 4+ ions may become replaced by Al 3+ , and consequently the 
maximum A1 : Si ratio is 1:3. Another part of aluminum occurs out- 
side the silica network in 6-co-ordination. 

The average chemical composition of some pyroxenes from igneous 
rocks is presented, according to Chirvinskv (1931), in Table 5.22. 

The orthorhombic enstatite and hypersthene and the monoclinic 
clinoenstatite and clinoferrosilite are the pyroxenes with the sim- 
plest chemical composition. They contain no calcium. Chemically, 
hypersthene and clinoferrosilite differ from each other with reference 
to magnesium content. Clinoferrosilite is a pure iron silicate, where- 
as hypersthene always contains magnesium. Sometimes the atomic 
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magnesium content in hypersthene exceeds the atomic iron content. 
The monoclinic clinohypersthene, which corresponds to hypersthene 
in composition, is a constituent of the meteorites but never occurs in 
terrestrial igneous rocks (see chap. 1). The structural difference be- 
tween the orthorhombic and the monoclinic hypersthenes is sche- 
matically presented in Figure 5.6. 


TABLE 5.22 

Average Chemical Composition (in Per Cent by Weight) 
of Pyroxenes from Some Igneous Rocks 


Constituent 

Orthorhombic 

Pyroxene 

Monoclinic 

Pyroxene 

Alkali Pyroxene 
(Aegirite Series) 

Feldspar- 

free 

Ultrabasic 
and Basic 
Igneous 
Rocks 

Gabbros 

and 

Norites 

Pyroxe- 
nites, 
Lher/o- 
lites. Etc. 

Gabbros 

and 

Norites 

Augite 

Syenites 

and 

Augite 

Diorites 

Alkalic 

Granites 

and 

Alkalic 

Syenites 

Nepheline 

Syenites 

No. of analyses . 

19 

10 

7 

30 

6 

9 

22 

Si0 2 . . . 

54 46 

51.02 

49.04 

50 39 

49 76 

51.56 

49 83 

A1A . . 

2 40 

3.84 

4 65 

3 95 

5 04 

2 26 

2 31 

Fe 2 0 3 

0.53 

1.37 

1.49 

1.73 

3 28 

19 95 

24 20 

FeO . . 

S 07 

15.47 

5 08 

9 20 

7.46 

7 07 

6 02 

MnO . . . . 

0 07 

0.40 

0 17 

0.19 

0 30 

0 76 

0 62 

MgO 

31 52 

21 59 

17 60 

15 15 

12 55 

2 66 

1 55 

CaO . . . 

1 72 

5 70 

20 19 

17 82 

IS 89 

6 60 

4 17 

Na 2 0 . 

1 A 1 X 

0 20 

0 05 

0 IS 

1 24 

S 39 

10 37 

K 2 0. . . 

f U ID 

J 

0 04 

0 02 

0 09 

0 09 

0.39 

0 57 

H 2 0. . . . 

0 76 

0 27 

1 44 

0 82 

0 73 

0 32 

0 32 

Ti0 2 . . .. 

0.04 

0.01 

0 13 

0 51 

0 01 

0 19 

0 35 

Cr 2 0 3 % . . .. 

0 IS 

n.d. 

0 23 

0 07 

n.d. 

n.d. 

| n.d. 

Total .... 

99 90 

99.91 

: 

100 09 

100 10 

99 35 

100 15 

100 31 


Among the pure Fe 2+ -Mg 2+ pyroxenes the monoclinic species are 
rare constituents of igneous rocks. The orthorhombic pyroxenes, en- 
statite and hypersthene, are the more common and consequently 
geochemically the more important pyroxenes. They are found par- 
ticularly in ultrabasic igneous rocks and in the basic and acidic rocks 
of the mangerite type of crystallization (see under “Sequence of 
Crystallization, 55 p. 164). The enstatite-hypersthene series is of in- 
terest from the crystal chemical viewpoint, inasmuch as the ferrous 
end-member, FeofShOe], does not seem to be stable in conditions pre- 
vailing during the main stage of crystallization of magmas. The 
structure of the magnesian end-member, Mg2[Si 2 0 6 ], or enstatite, on 
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the other hand, is very stable, and therefore rather pure enstatite is 
often found as a constituent of ultrabasic igneous rocks. However, 
the study of the system FeO-SI0 2 shows that the binary compound 
FeO*Si0 2 does not crystallize from the melt (Bowen and Schairer, 
1932). Pure ferrous metasilicate, which occurs as the monoclinic 
clinoferrosilite, has been found in the lithophysae of an obsidian in 
Kenya in East Africa, but here it evidently was produced at a low 
temperature and probably is rather unstable. 

The instability of the pure ferrous end-member in the enstatite- 
hypersthene series causes the petrologically and geochemically im- 
portant members of this series to be regularly rich in magnesium. In 



Fig. 5.6. — Structure of the orthorhombic and monoclinic pyroxenes, diagrammatically 
presented. 


the orthorhombic pyroxenes of ultrabasic and basic igneous rocks the 
atomic Mg:Fe ratios, calculated from Table 5.22, are the following: 

Mg Fe 

Orthorhombic pyroxenes from ultrabasic igneous 

rocks 6.69 

Orthorhombic pyroxenes from gabbros and nor- 
ites * 

The molecular content of the ferrous component in hypersthenes of 
common igneous rocks may be as high as 50 per cent, but in some 
hypersthenes the content is still higher. The iron-rich members of the 
series usually contain notable quantities of manganese, and it is pos- 
sible that such irrelevant additions cause the crystallization of the 
iron hypersthenes as stable structures. 

The diopside-hedenbergite series is derived from the pure ferro- 
magnesian pyroxenes by the substitution of one Fe~~ or Mg w+ ion by 
Ca 2 ' f . Unlike the enstatite-hypersthene series, both end-members in 
the new series are stable. They are common constituents of igneous 
and contact metam orphic rocks. Diopside forms with clinoenstatite 
a series of isomorphic mixtures, the members of which occur as the 
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common pigeonite in volcanic rocks. Johannsenite is a mineralogical 
curiosity. 

The three alkali pyroxenes — jadeite, aegirite, and spodumene — 
may be derived by the substitution of Mg 2+ -Mg 2+ or Ca 2+ -Mg 2+ 
by Na + -Al 3+ , Na + -Fe 3+ , or Li + -Al 3+ , respectively, whereby the 
electric balance of the structure is maintained. These minerals, even 
though interesting from the crystal chemical viewpoint, are geochem- 
ically of minor importance. The Na + -Al 3+ pyroxene jadeite seems to 
be unstable under the circumstances commonly prevailing during 
magmatic crystallization. According to prevalent opinion, jadeite 
cannot form except under high pressures. The Na + -Fe 3+ pyroxene 
aegirite forms promptly when the atomic abundance of sodium in the 
rock melt exceeds the atomic abundance of aluminum; the complete 
removal of sodium in feldspars is then no longer possible. The Li + - 
Al 3 + pyroxene spodumene is a common constituent of granite pegma- 
tites, and its formation affords proof of the instability of the lithium 
feldspar structure. 

All the pyroxenes discussed above are geochemically less important 
than are the members of the augite series. The various augites, which 
are of complex chemical composition, belong to the most important 
mafic constituents of igneous rocks. 

AMPHIBOLES 

The general formula of the amphiboles presented in a previous 
paragraph show T s that the amphiboles are chemically more compli- 
cated than the pyroxenes. The number of possible diadochic substi- 
tutions in the amphibole group is greater than in the pyroxene group. 
Therefore, as simple formulas cannot be presented for the amphiboles 
as were those given for the pyroxenes. Both orthorhombic and mono- 
clinic amphiboles are known, and they show 7 structural relationships 
similar to those found in the corresponding pyroxenes. 

Many amphiboles either are totally absent in primary igneous 
rocks or occur only as minerals of secondary origin therein. The most 
important primary amphiboles of the igneous rocks are the mag- 
nesium-poor riebeckites and the silica-poor basaltic and common 
hornblende. The hornblendes, because of their frequent occurrence, 
are geochemically the most important amphiboles. Amphiboles be- 
longing to the riebeckite series are met only in alkalic rocks. 

The average chemical composition of amphiboles from some igne- 
ous rocks is given in Table 5. S3. The values are from Chirvinsky 
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(1931). In typical potash-rich granites the Fe:Mg ratio of the horn- 
blende differs from the average given by Chirvinskv. The composi- 
tion of the hornblende from the rapakivi granite at Uuksunjoki in 
the Salmi area in eastern Fennoscandia is presented in Table 5.2 4 to 
illustrate the difference. The analysis of this extremely iron-rich am- 
phibole is from Sahama (1947). 

In the amphiboles, up to one-fourth of the Si 4 + ions in the [Si0 4 ] 
tetrahedra may become replaced by Al 3+ . The substitution takes 

TABLE 5.23 

Average Chemical Composition (in Per Cent by Weight) 
of Amphiboles from Some Igneous Rocks 




Amphibole from— 





Calc-alkalic 


Alkalic 

Constituent 











Syenites and 



Diorites 

Granites 

Granites 

Nepiieline 






Syenites 

No. of analyses 

10 

24 

9 

4 

23 

SiOj 

44 88 

45 83 

47 99 

49 29 

41.41 

AI 2 O 3 

10.83 

10.13 

6 27 

2 26 

7.55 

F 02 O 3 . . 

4 85 

4.73 

3 24 

18.70 

8 21 

FeO . 

10 19 

10 59 

11 23 

17 12 

22 19 

MnO . . . . 

0 09 

0 15 

0 25 

1 25 

0 85 

MgO. . . 

12 87 

13 28 

14 18 

0 55 

2 95 

CaO . . 

12 18 

11.43 

12 91 

2 51 

7.61 

Na 2 0 

1 44 

1 58 

1 69 

6 79 ! 

4 48 

K 2 0 

0 39 

0.48 

0 67 

0 56 

1 79 

H 2 0. .. . 

1 49 

1 32 

0 97 

0 88 i 

1 02 

Ti0 2 

0.80 

0 34 

0.46 

0 32 

1 64 

P 2 O 5 

n.d. 

n.d. 

0 04 

n.d. 

0 11 

F. . 

n.d. 

0 06 

0 03 

0 05 

0 06 

Total . . 

100 01 

1 

99.92 

99 93 

100 28 

j 99 87 


place particularly in basaltic and in common hornblende, which con- 
sequently resemble augite in this respect. 

A comparison of Tables 5.22 and 5.23 shows that augite and horn- 
blende do not correspond to each other as far as their bulk chemical 
composition goes. The most conspicuous difference is the higher con- 
tent of aluminum and iron, the lower content of calcium, and the 
somewhat lower content of magnesium in the hornblende. 

OLIVINES 

The members of the forsterite-fayalite series are the geochemically 
most important olivines. Like the feldspathoids, these minerals occur 
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as principal constituents of some igneous rocks. In the upper litho- 
sphere their total amount certainly is smaller than the quantity 
of the pyroxenes and the amphiboles. Therefore, the olivines were not 
included in the average mineralogical composition of the igneous 
rocks presented in Table 5.16. 

Structurally, the olivines probably afford the best example of sili- 
cates containing independent [Si0 4 ] tetrahedra which share no oxy- 

TABLE 5.24 

Chemical Composition op Amphibole from Rapa- 
kxyi Granite at Uuksunjoki, Salmi Area, 


Eastern Fennoscandia 


Constituent 

Per Cent by Weight 

Si0 2 

38.24 

ai 2 6 3 

.. . . 10.17 

Fe20 3 

. . .. 5.00 

FeO 

26.64 

MnO 

0.28 

MgO 

1.07 

CaO 

10.64 

Na 2 0 

1.50 

k 2 o 

.... 1.57 

H.O+ 

1 .88 

h 2 o- 

0.08 

Ti0 2 

2.00 

F 

1.06 

Cl 

O-ol 


100.64 

Less 0 for F and Cl 

0.57 

Total 

100.07 


gen ions with the neighboring tetrahedra. The pure end-members of 
the olivine group are the following: 

Eorsterite, Mg 2 [SiOJ 
Fayalite, Fe^fSiOJ 
Tepkroite, MnsfSiOd 

These components form isomorphic mixtures. For the forsterite- 
fayalite series Deer and Wager (1939) have suggested a nomenclature 
which is presented in Table 5.25. Their terminology is adopted in 
this book. A complete series of solid solutions between forsterite and 
fayalite occurs in Nature. In ultrabasic rocks, such as dunites, the 
olivine is mostly rich in magnesium and contains about 10 per cent 
of the Fe 2 Si0 4 molecule. The iron-rich varieties are constituents of 
metasomatic ultrabasic rocks, of some diabases, and of other rocks 
that give proof of extreme differentiation. It is highly probable that 
the iron-rich varieties are more frequent rock-making minerals than 
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are the magnesium-rich types. Geochemically, the most abundant 
olivines probably are hyalosiderites. In petrographic descriptions the 
name olivine is often used without a determination of the composi- 
tion. 

TABLE 5.25 

Nomenclature of Forsterite-Fayaiite Series 


Compound 

Forsterite (Fo) . 
Chrysolite . ... 
Hyalosiderite . . . 
Hortonolite . . . 
F err ohortonolite 
Fayalite (Fa) . . . 


Molecular Percentage 
of FesSiO* 
0-10 
. . 10 - 30 

. 30 - 50 

... 50 - 70 

. . . 70 - 90 

, . . 90-100 


TABLE 5.26 

Average Composition (in Per Cent by Weight) of 
Olivine from Some Igneous Rocks 


Olivine from — 


Constituent 

Peridotites 

Gabbros and j 
Norites j 

- 

Intermediate 
and Acidic 



| Rocks 

No. of analyses 

13 

5 

5 

SiOa . ... 

40 04 

34 24 

30 S3 

ai 2 o 3 

0 81 

1 49 

n.d. 

Fe 2 G 3 

0 47 

1 00 

1 06 

FeO. . 

11 33 

37 70 

63 18 

MnO . . 

0 23 

0.15 

2.05 

MgO. . . . 

45 64 

23 62 

1 10 

CaO 

0 19 

0 33 

0 15 

Na-0 . . 

K 2 0 

1 0 06 

0 13 

0 04 1 

} 0.08 

h 2 o . . . 

0 42 

0 14 ! 

0 21 

Cr 2 0 3 . . 

0 OS 

n.d. 

n.d. 

NiO. . . 

0 02 

0 04 

n.d. 

TiO, 

0 38 

0 88 

0 24 

Insoluble 

0 12 

n.d. 

0.78 

Total : 

99 79 

99 76 

99. 6S 


Tephroite is mostly found in metasomatie rocks and in manganese 
deposits. An isomorphic mixture of tephroite and fayalite (with for- 
sterite) is called knebelite. Other minerals of the olivine group, viz., 
monticellite, CaMg[SiOJ, glaucochroite, CaMn[Si0 4 ], and larsenite, 
PbZnfSiOd, are not found in igneous rocks and are rare. 

The average chemical composition of olivine from some igneous 
rocks is presented in Table 5.26, based on Chirvinsky (1931), which 
illustrates the predominance of the magnesium-rich olivines in basic 
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rocks and of the iron-rich types in intermediate and acidic igneous 
rocks. The change in the Mg:Ee ratio in olivine is analogous to the 
change in the Mg:Fe ratio in the orthorhombic pyroxenes discussed 
in the preceding paragraph. 

QUARTZ 

The different modifications of silica are presented in Table 5.27. 
Among the minerals listed, quartz is by far the most important in the 
upper lithosphere. Tridymite and cristobalite are only mineralogical 
curiosities, which are met particularly in lavas and in volcanic sub- 
limates. The isometric high-cristobalite has also been found in opals. 
Owing to the readiness of its low-high transition, quartz occurs in the 
low-temperature form in igneous rocks. 


TABLE 5. 27 

The Crystalline Modifications of Silica 


Mineral 

System 

Stability Range in 0 C. 

Quartz 

Trigonal 

Hexagonal 

<573 

573-S67 


Orthorhombic 

<105 

Tridymite 

Hexagonal 

Hexagonal 

105-160 

160-1,470 

Cristobalite 

Orthorhombic 

<200-270 

Isometric 

From 200-270 to 1,728 


Structurally, quartz has a continuous three-dimensional frame- 
work of [SiOJ tetrahedra. In the direction of the crystallographic 
e-axis, the silicon atoms are found to be arranged in the manner indi- 
cated in Figure 5.7 (according to Bragg, 1987). The structure indi- 
cates the lack of any cleavage in quartz. Along with the chemical re- 
sistance of quartz to weathering, this circumstance is important for 
the geochemistry of sediments (see under “Weathering,” p. 191). 

The existence of free silica in the form of quartz in igneous rocks 
is a result of the high abundance of silicon in the upper lithosphere. 
On an average, silica is in excess over the oxides of metals. If the 
abundance ratio were the reverse, silica and the oxides would have 
reacted and silicates would have formed. 

MICAS 

The mica group includes a number of structurally similar minerals 
which may be divided into two general subgroups, viz., 

1. The calcium-free micas: MeJfiOHh | AlSi 3 O 10 ] 

2. The calcium-bearing micas: Mes[(OH) 2 | Al 2 Si 2 Oio] 
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The calcium-free micas are the dominant types in rocks. In them, as 
in the alkali feldspars, one of the Si 4+ ions is replaced by Al 3 -, where- 
as in the calcium-bearing micas two Si 4+ ions are replaced by Al 3 -’-. 
Consequently, the degree of silicifieation in the micas corresponds to 
that in the feldspars. All the micas are aluminosilicates, but usually 
aluminum ions in 6-co-ordination are also found outside the silicon- 
oxygen network. 

The most important micas are the following: 

Muscovite, KA1 5 [(OH,F) s | AlSiAo] 

Phlogopite, KMg s [(F,OH). AlSiAo] 

Biotite, K(Mg,Fe,Mn) . [(OH,F)« | AlSi A. 

Paragonite, NaAl 2 ((OH,F) 2 AlSiAo] 

Margarite, CaAl»[(OH) s | A zSiAo] 



Fig. 5.7. — Structure of low-temperature (j8-)quartz. The direction of the c-axis is per- 
pendicular to the plane of the paper. Only the Si 4r ions are indicated in the figure. (Based on 
material from Atomic Structure of Minerals , by W. L. Bragg, 1937. Courtesy of Cornell Uni- 
versity Press.) 

Biotite is the most common mica in igneous rocks, as Table 5.16 
shows. The other micas do not belong to the minerals formed during 
the main stage of crystallization, with the exception of some musco- 
vite found in granites. Paragonite and margarite are rare. 

Some varieties of mica are known which are characterized by the 
presence of considerable quantities of certain trace elements. They 
include, among others, 

the lithian micas lepidolite and zinnwaldite 

the barian muscovite ollaeherite 

the chromian mica fuchsite 

the vanadoan mica roscoelite 

the manganoan biotite manganophyllite 

the titanian biotite wodanite 

The structure of muscovite is presented in Figure 5.8, which is 
based on Bragg (1937). Structurally, the micas may be derived from 
the amphiboles by linking infinite double chains to form two-dim en- 
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sional networks or sheets in which the [Si0 4 ] tetrahedra share three 
of their four ()-" ions with the neighboring tetrahedra. In a sheet all 
free vertices of the tetrahedra point in the same direction. The struc- 



o o o o 


< w * y 

Fig. 5.8. — Structure of muscovite. (Based on material from Atomic Structure of Minerals, 
by W. L. Bragg, 19S7. Courtesy of Cornell University Press.) 


tures of the other micas may be derived from the structure of musco- 
vite, in which two two-dimensional sheets of silicon-oxygen tetra- 
hedra are placed together, with the vertices of the tetrahedra point- 
ing inward. The vertices are linked with Al 3+ ions, which are 6-co-or- 
dinated by four O 2- ions of the sheets and by two OH - or F~ ions. The 
OH - and F~ ions are located in the centers of the hexagons formed 
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by the free vertices of the tetrahedra. The neighboring complex 
sheets are linked by 12-co-ordinated K+ ions, situated in Large cavi- 
ties in the structure. With reference to their total symmetry, the 
micas either are monoclinic or triclinic because the two-dimensional 
double sheets are somewhat displaced. The eminent cleavage parallel 
to the basal plane in many micas is the result of the rupture of the 
weak 0 2- -K+ bonds which hold the double sheets together. 

The possibilities of diadochic replacement in the micas are numer- 
ous, just as in the pyroxenes and the amphiboles. However, there is 
a substantial difference between the pyroxenes and the micas in this 
respect. In the pyroxenes the substitution takes place ion by ion, and 
the electric neutrality of the structure is maintai n ed bv many simul- 
taneous substitutions. The number of ions in the structure conse- 
quently remains unchanged. In the micas, on the other hand, the 
manner of substitution is different. In the muscovite structure only 
a part of the positions of the Al 3+ ions are occupied. Therefore, when 
biotite or phlogopite is derived from muscovite, the substitution 
takes place charge by charge. Two Al 3+ ions are replaced by three 
Mg 2+ , Fe 2+ , or Mn 2+ ions. The number of the ions increases by one, 
but the sum of the electric charges of the ions remains unchanged. 
The extra cation introduced into the muscovite structure will occupy 
an empty position in the structure, and no material structural change 
will result. When margarite is derived from muscovite, the degree of 
silicification will decrease in a manner analogous to the decrease when 
passing from albite to anorthite. 

The average composition of biotite and muscovite from granites 
and granite pegmatites is presented in Table 5.28. The values are 
from Chirvinsky (1931). 

ACCESSORY CONSTITUENTS OF IGNEOUS ROCKS 

The most frequently occurring accessory silicate minerals in com- 
mon igneous rocks are zircon, Zr[Si0 4 ], and sphene (also called 
titanite), CaTi[(0,0H,F) |Si0 4 ]. 

Zircon is the most abundant of all zirconium minerals and contains 
most of the zirconium present in the upper lithosphere. Its structure 
contains independent [Si0 4 j tetrahedra, which are linked together by 
Zr 4+ ions in 8-co-ordination. The zircon structure appears less stable 
than is often assumed (Machatschki, 1941). This circumstance, 
which is the result of the relatively small size of the Zr 4+ ion (radius 
0.87 kX), affects the manner of occurrence of zirconium in igneous 
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rocks and probably is the cause of the strong enrichment of zirconium 
in acidic rocks. Zircon is isotypic with xenotime. Zircons of low spe- 
cific gravity are partly amorphous as the result of radioactive decom- 
position of their structure. The reason for the decomposition is the 
presence of thorium, which diadochically replaces zirconium. Such 
zircons are called zirconoids. 

Also sphene has independent [Si0 4 ] tetrahedra in its structure. In 
addition, O 2- ions, partly replaced by OH~ and F~, are situated out- 

TABLE 5.28 

Average Chemical Composition (in Per Cent 
by Weight) of Biotite and of Muscovite 


Constituent 

Biotite from 
Granites 
and Granite 
Pegmatites 

Muscovite from 
Granites and 
Granite 
Pegmatites 

No. of analyses 

51 

37 

Si0 2 

36 46 

44 95 

ai-A 

17.15 

33 51 

Fe_A 

8 17 

1 76 

FeO 

li 46 

0 64 

MnO 

0 56 

0 05 

MgO. 

8 70 

0 81 

CaO 

0 98 

0 37 

NaoO 

0 91 

1 32 

K 2 0 

8 23 

10 47 

h 2 o. . 

2 87 

5 30 

TiO> 

1 25 

0 41 

F 

0 18 

0 13 

Total 

99 93 

99 72 


side the silicon-oxygen tetrahedra (Sahama, 1946; Jaffe, 1947). The 
sphene structure shows considerable deviation from electrostatic 
neutrality (Zachariasen, 1930). In some nepheline syenites the cor- 
responding sodium mineral ramsayite, Na 2 Ti 2 [(0,0H,F) | (Si0 4 ) 2 ]> 
plays the petrographic role of sphene. Sphene and ramsayite are not 
isomorphic. 

i^patite, Ca 5 [(F,Cl,OH) j (P0 4 ) 3 ], is the most abundant phosphate 
mineral of igneous rocks. The [P0 4 ] tetrahedra in the apatite struc- 
ture are partly replaced by [Si0 4 ], [S0 4 ], [AsOJ, and [V0 4 ] tetra- 
hedra. In addition, calcium may be replaced by sodium, lead, man- 
ganese, and other metals. Like the pair zircon-xenotime, the apatites 
also have a structure in which the [Si0 4 ] and [P0 4 ] tetrahedra replace 
each other. Among the diadochic substitutions in the apatite group, 
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the mutual replacement between Cl~ and F~ is remarkable. The two 
anions differ considerably from each other in size. As a matter of fact, 
the positions of the F~ and Cl~ ions in the unit cell are not identical 
but differ by one-fourth the length of the unit cell in the direction of 
the c-axis. 

Other accessory phosphate minerals of igneous rocks include 
monazite, Ce[P0 4 ], and xenotime, YfPOJ. The two minerals, not 
isomorphic with each other, occur mostly in acidic rocks. 

xAmong the fluorides only fluorite, CaFo, is geochemically impor- 
tant as a constituent of igneous rocks. 


TABLE 5.29 

Average Chemical Composition (in Per Cent 
by Weight) of Chromite and Ilmenite 


Constituent 

Chromite from 
Ultrabasic 

Rocks 

.. 

Ilmenite from 
Gabbros and 
Norites 

Si0 2 .... 

1 os 

o a 

ALOs. 

15 65 

0 10 

Fe 2 0 3 

2 32 

20 92 

CrA-. 

50 3S 

0 09 

FeO . 

17 47 

i 31 25 

MnO 

0.29 

0 07 

MgO . . . 

12 SO 

1 ss 

CaO 

n.d. 

0 37 

TiOo 

0 13 

44 79 

Total . . ... 

100 12 

| 99 71 


Among the accessory oxide minerals found in igneous rocks, the 
following are important: ilmenite, FeTi0 3 ; magnetite, Fe 3 0 4 ; and 
chromite, EeCr 2 0 4 . Chromite occurs mostly in ultrabasic rocks, 
whereas ilmenite and magnetite are common in all kinds of igneous 
rocks. On an average, magnetite is more abundant than ilmenite. The 
average composition of chromite and ilmenite is presented in Table 
5.29. The analyses are from Chirvinskv (1931). 

The most abundant accessory sulfide minerals of igneous rocks are 
pyrite, FeS 2 ; pvrrhotite, FeS-Fe 5 S 6 ; chalcopyrite, CuFeSy, pentland- 
ite, (Fe,Ni,Co) 9 S s ; and bornite, Cu 5 FeS 4 . These minerals are men- 
tioned here in the order of their relative abundance (Newhouse, 1936; 
Ramdohr, 1940). 

Chemical Differentiation of Igneous Rocks 
It is assumed that the original silicate crust of the Earth was 
chemically rather homogeneous. The igneous rocks, however, are 
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chemically widely variable, and rocks with a chemical composition 
similar to the average composition of igneous rocks are rare. There- 
fore, the assumption follows that the igneous rocks are products of an 
extensive chemical differentiation in the Earth’s crust. This differen- 
tiation process is the second geochemical differentiation of Gold- 
schmidt (1926, 1929, 1933 b); the first geochemical differentiation 
comprises the processes that led to the formation of the concentric 
structure of the Earth. 

The average chemical composition of igneous rocks (upper litho- 
sphere) and that of plateau basalts form the basis of the survey of the 
second geochemical differentiation. It is commonly believed that the 
plateau basalts represent original undifferentiated Sialma material 
which has reached the Earth’s surface as fissure eruptions. Conse- 
quently, the plateau basalts represent a parental magma that differ- 
entiated to produce all primary magmatic rocks present in the upper 
lithosphere. 

The average chemical composition of the plateau basalts, com- 
pared with the average composition of all basalts and of all igneous 
rocks, is presented in Table 5.30 on the basis of the calculations of 
Daly (1933) and of Clarke and Washington ( 1924 ; from Table 2 . 1 ). 

Equilibrium is established in a differentiating magma in constant 
external conditions, but departures from equilibrium are frequent as 
soon as the external conditions — e.g., temperature — change. A series 
of processes leading to changes in chemical composition takes place 
in a crystallizing magma as a result of decrease in temperature. How- 
ever, these processes are discussed in treatises on petrology and will 
not be considered here. Only the general principles of differentiation 
are of immediate interest in geochemistry and will be presented, 
shortly and schematically, in the following paragraphs. 

Geochemically, it is important to follow the changes of chemical 
composition of the products formed during magmatic differentiation, 
that is, the distribution of the elements among the products of differ- 
entiation and the physicochemical rules governing the distribution. 
However, most of the processes taking place in Nature are far more 
complicated than their counterparts and imitations in the laboratory. 
The difference is caused, among others, by the presence of volatile 
constituents in the natural rock melts and by the assimilation phe- 
nomena in the already solidified rocks that surround a magma reser- 
voir. 

The chemical differentiation in a natural rock melt of plateau-ba- 
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saltic composition, for example, starts with the separation of mag- 
nesium and silica in olivine (forsterite, Mg 2 [Si0 4 ]). Because of their 
high specific gravity, the olivine crystals sink to the bottom of the 
magma reservoir or are assembled by magmatic currents. They are 
concentrated locally in the form of dunites or olivinites. In a similar 
manner calcium, aluminum, and silicon may become separated as 
calcic plagioclase, which forms the anorthosite bodies. The molten 
sulfides will thereafter separate from the magma. The miscibility of 
silicate and sulfide melts is limited, and Vogt’s (1918) results of an 

TABLE 5.30 

Average Chemical Composition (in Per Cent by Weight) of 
All Basalts, Plateau Basalts, and 
Average Igneous Rock* 


Constituent 

Plateau Basalts 

All Basalts 

Average Ig- 
neous Rock 

No. of analyses. . 

43 

198 

5,159 

Si0 2 

4S.S0 

49 06 

59 14 

A1 2 0 3 .. 

13 9S 

15.70 

15 34 

Fe 2 0 3 . 

3 59 

5 38 

3.08 

FeG. . . 

9.7S 

6 37 

3. SO 

MnO . . 

0.17 

0 31 

0 12 

MgO. . 

6 70 

6 17 

3 49 

CaO . 

9 38 

8 95 

5 OS 

Na 2 0. 

2 59 

3 11 

3 84 

K 2 0. . 

0.69 

1 52 

3 13 

HoO. . 

1 SO 

1 62 

1 15 

Ti0 2 .. 

2.19 

1 36 

1 05 

P 2 0 5 

0 33 

0 45 

0 30 

Total 

100 00 

100 00 

j 99 52 

i 


* Based in part on material from Igneous Rocks and tke Depths oj the Earth, by R. A. 
Daly. Copyright 1933. Courtesy of McGraw-Hill Book Co. 


investigation of silicate slags from ore-smelting furnaces showed that 
the solubility decreases with decreasing temperature. The separated 
sulfide melt, upon crystallization, will give mainly pyrrhotite, 
FeS-Fe 5 S 6 , and pentlandite, (Fe,Co,Ni) 9 S 8 , which is the most impor- 
tant ore mineral of nickel. Almost contemporaneously with, or imme- 
diately after, the crystallization of olivine, the bulk of titanium is 
separated as ilmenite, FeTiO s ; much iron as magnetite, Fe 3 0 4 ; and 
often chromium as chromite, FeCr 2 0 4 . The titaniferous and chromif- 
erous iron ores are thereby formed ; they are the last rocks to be in- 
cluded in the group of the early magmatic crystallates. 

The second step in the differentiation is the main stage of mag- 
matic crystallization. The igneous rock series, starting with gabbro 
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and ending with, granite, is the product of fractional crystallization 
during this stage. One after another, the crystal structures become 
stable and separate in the order of their stability. The condition of 
the differentiation is the removal of the crystallizing minerals, where- 
by reactions between the crystals and the residual magmas are pre- 
vented. The crystals are removed by means of gravity either by sink- 
ing or by rising or by means of the separation of the residual magma 
by the squeezing-out or filter-press mechanism. 

All natural magmas contain varying amounts of volatile constitu- 
ents, which, as mineralizers, have a notable, or even a decisive, effect 
on the course of crystallization. During the early magmatic stage of 
differentiation, only little volatile matter is separated. Even though 
the formation of minerals containing volatile constituents is notably 
promoted during the subsequent stages of crystallization, the bulk 
of the volatile compounds becomes enriched in the residual melts and 
solutions. When the concentration of the volatile constituents 
reaches a certain limit, the main stage of crystallization ends, and the 
late magmatic stage sets in. This latter stage of crystallization is 
characterized by the fact that a relatively insignificant drop in tem- 
perature is enough to cause the crystallization of the bulk of the 
residual melt, wdiich is rich in mineralizers. Provided that the rate of 
decrease of temperature remains constant during the crystallization, 
the rate of crystallization must increase abruptly and considerably 
at the onset of the late magmatic stage, i.e., during the crystallization 
of the pegmatites. The lack of idiomorphism often displayed by 
quartz and feldspar of pegmatites affords proof of their rapid separa- 
tion. The change in the rate of crystallization causes an abrupt en- 
richment in water and other volatile substances in the residual mag- 
ma, and consequently the crystallization residue during the subse- 
quent pneumatolytic stage of crystallization is a supercritical aque- 
ous solution rather than a melt. 

The pneumatolytic and hydrothermal stages differ essentially from 
each other in so far as the pneumatolytic liquors are supercritical, 
i.e., they crystallize at temperatures above the critical temperature 
of water vapor, whereas the crystallization temperature of the hydro- 
thermal solutions is below T it. During these stages, especially in the 
hydrothermal stage, the rate of crystallization decreases as shown, 
e.g., by the well-developed crystals often found in cavities in rocks 
and in mineral veins. 
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The general course of the crystallization of a calc-alkalic basaltic 
magma is as follows : 

\ Silicates (dunite, anorthosite) 

Early magmatic stage j Sulfides (pyrrhotite-pentlandite paragenesis) 

(. Oxides (ilmenite, chromite, magnetite) 

f Gabbros 

Main stage < Diorites 

[ Granites 

f Pegmatites 

Late magmatic stage ^ Pneumatolytic deposits 
{ Hydrothermal deposits 

Volcanic emanations 

The boundaries between the different stages are not very rigid be- 
cause the different steps are parts of a continuous process and all are 
essential parts of the magmatic differentiation by crystallization. 

In the proximity of the Earth’s surface, where the tension of the 
volatile constituents of the magma exceeds the external pressure, a 
part of the volatiles are released in the form of volcanic emanations 
and will directly participate in the exogenic cycle of matter. 

EAELY MAGMATIC SULFIDES 

The early magmatic sulfides separate from the magma as a melt 
and form, upon their crystallization, sulfide mineral bodies that be- 
long to the pyrrhotite-pentlandite paragenesis, which is the only 
known representative of the early magmatic sulfides. Most sulfide 
ore bodies belonging to the pyrrhotite-pentlandite assemblage have, 
after their formation, participated in complicated geological proc- 
esses, and therefore their original manner of formation is established 
only with difficulty. 

The average chemical composition of the early magmatic sulfides 
is presented in Table 5.31 on the basis of an analysis of a composite 
mixture of sulfide minerals made by Noddack and Noddack (1931a; 
see also Table 5.2). The analyzed mixture consisted of 35 pyrrhotites, 
10 primary pyrites, 8 pentlandites, and 4 nickelian pyrites from a 
number of localities. 

The composite mixture differs chemically from the late magmatic 
pneumatolytic and hydrothermal sulfides and actually, in some es- 
sential features, resembles the average composition of the sulfide 
phase of the meteorites, its closest genetic counterpart. For compari- 
son, the average composition of the sulfide phase of the meteorites is 
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presented in Table 5.31, according to the analyses and estimates of 
Noddack and Noddack (1930: values of S, Zn, Mn, Se, As, V, Mo, 
Cd, Te, W, Bi, Sb, Tl, In, Cr, Hg, and Re) and of Goldschmidt 
(19376: the other elements). However, important chemical differ- 

TABLE 5.31 

Average Composition of Early Magmatic Sulfides 
and of Sulfide Phase of Meteorites 


Element 

Composite of 
Early Magmatic 
Sulfide Minerals 
(g/ton) 

Sulfide Phase 
of Meteorites 
(Troilites) 
(g/ton) 

Fe 

539,000 

630,000 

S 

404,000 

343,000 

Ni 

31,400 

1,000 

Cu 

10,900 

100-600 

Zn 

8,500 

1,530 

P 

2,500 

3,000 

Co 

2,100 

100 

Mn 

800 

460 

Se 

200 

840 

Pb 

100 

20 

As 

60 

1,020 

Sn 

50 

15 

V.. 

40 

45 

Mo 

20 

11 

Cd 

20 

30 

Ag : 

10 

18 

Ge 

10 

30 

Pd 

4 

2 

Ga. ... 

2 

S 

Te 

2 

17 

W 

2 

Present 

Pt 

2 

2 

Bi 

2 

2 

Ru 

1 

9 

Sb 

1 

7 8 

Tl 

1 

0 3 

In 

0 7 

0 8 

Ir 

0.4 

0 4 

Eh 

0.3 

0 4 

Au 

0.2 

0.5 

Os 

0 1 

9 

Cr 

0 02 

1,200 

Hg 

0 02 

Present 

Re 

0.02 

0 001 


ences also exist between the two analyses. The atomic Fe:S ratios 
differ; in the sulfides of the meteorites the ratio is about 1:1, where- 
as the value for the early magmatic sulfides is about 5:6. The crystal 
chemical explanation of the difference is that pyrrhotite predomi- 
nates in the early magmatic sulfides, but troilite is present in the 
meteorites. Mineralogically, pyrrhotite and troilite are identical, and 
they both have structures of the nickel arsenide type. Many minerals 
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of this type are characterized by strongly metallic properties and 
by a chemical composition which does not closely follow stoichio- 
metric rules. Pyrrhotite analyses, as a rule, show an excess of sulfur 
over that expressed by the formula of iron monosulfide, FeS, and the 
atomic sulfur content may be as high as 55.5 per cent. No such sulfur 
excess is present in troilite. The crystal structure of pyrrhotite, how- 
ever, shows that there is no excess of sulfur but rather a deficiency of 
iron. Some positions of the Ee 2+ ions in the structure are vacant, and 
a small number of Fe 3+ ions is present to maintain the electric bal- 
ance in the structure. Compared with the troilite structure, the 
pyrrhotite structure is disordered. 

Table 5.31 also shows that nickel and cobalt are considerably more 
abundant in the early magmatic sulfides than in the sulfide phase of 
the meteorites. However, in the metal phase of the meteorites then- 
content, viz., 84,900 g/ton Ni and 5,700 g/ton Co according to Gold- 
schmidt (19375), is much higher than in the early magmatic sulfides. 
The explanation of the remarkable behavior of nickel and of cobalt 
is that their general geochemical character is strongly siderophiie. 
The metal phase is always present in the meteorites, and consequent- 
ly the two metals become enriched therein, but in the upper litho- 
sphere they become concentrated in sulfide minerals. 

The content of copper in the early magmatic sulfides is very much 
higher than in the meteoritic sulfide phase. The sulfide bodies of 
the pyrrhotite-pentlandite paragenesis regularly contain notable 
amounts of copper, their average Ni:Cu ratio being 2:1. The expla- 
nation is that the general geochemical character of copper is mainly 
chalcophile, but in the meteorites copper has a notable siderophiie 
tendency. In the upper lithosphere most of the copper is contained 
in sulfide minerals. Even the relatively small quantities of copper 
present in silicate rocks are combined with sulfur, chiefly in the form 
of chalcopyrite, CuFeS 2 . 

Among the other elements listed in Table 5.31, zinc is strongly con- 
centrated in the early magmatic sulfides. However, zinc is also en- 
riched in late magmatic sulfides and in residual solutions formed 
during the crystallization of the early magmatic sulfides. Arsenic is 
abundant in the meteoritic sulfide phase, but in the terrestrial early 
magmatic sulfides its content is relatively low. The late magmatic 
sulfides are the proper surroundings of arsenic in the upper litho- 
sphere. Chromi um is strongly enriched in the sulfide phase of the 
meteorites, but in the early magmatic sulfides in the Earth its con- 
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tent Is remarkably low. This is due to the presence of daubreelite, 
FeCr 2 S 4 , in the meteorites. In terrestrial surroundings daubreelite is 
unstable and promptly oxidizes. In the upper lithosphere, chromium 
does not possess noteworthy sulfophile properties. 

EARLY MAGMATIC OXIDES 

Unlike the early magmatic sulfides, the early magmatic oxides 
commonly are regarded as products of actual differentiation of a 
magma. In other words, when the crystallization of the magma 
starts, oxide minerals separate from the melt along with olivine. The 
early-separated oxides consist, mineralogically, of the oxide minerals 
frequently found in igneous rocks as accessory constituents. Titanian 
magnetite, ilmenite, and chromite are their main constituents. Tita- 
nian magnetite of plutonic rocks probably consists of exsolved il- 
menite, magnetite, and hercynite (see chap. 21). 

Chemically, the early-separated oxides are characterized by their 
titanium and chromium content. The titanium-rich crystallates oc- 
cur preferentially in gabbros and in norites. They form the greatest 
known bodies of iron ore. However, the titanium content of the 
titaniferous iron ores largely prevents their utilization as a source of 
iron. The chromite bodies are genetically connected with ultrabasic 
rocks. Along with iron, titanium, and chromium, certain other 
metals are concentrated in the early magmatic oxides. They are dis- 
cussed in Part II of this book. 

SILICATES FORMED DURING THE EARLY AND MAIN 
STAGES OF CRYSTALLIZATION 

SEQUENCE OF CRYSTALLIZATION 

The chief rock-making constituents of igneous rocks consist of a 
number of felsic (light) and mafic (dark) silicate minerals. According 
to Table 5.16, the light constituents are by far the most abundant 
ones. They include the feldspars, quartz, and the feldspathoids. The 
most important dark constituents are the pyroxenes, amphiboles, 
micas, and olivines. The crystallization of calc-alkalic rocks may be 
expressed by means of the reaction series which contains both the 
felsic and the mafic minerals (Bowen, 1922). The reaction series Is 
presented in Figure 5.9. It is a somewhat modified statement of the 
normal sequence of crystallization of the calc-alkalic rocks. 

It must be noticed that, throughout the right-hand branch which 
contains the light constituents, the framework of the Si-O-Al tetra- 
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liedra in the minerals remains unchanged, whereas in the left-hand 
branch of the daik constituents the framework changes continually . 
If only the silicon-oxygen framewoi'k is considered and no attention 
is paid to the cations in the structures, the order of crystallization is 
the following : 

Independent tetrahedra-^Chains->Double chains->Sheets. 

The general course of differentiation proceeds from ultrabasic 
rocks through basic and intermediate types to the acidic or silicic 
rocks largely as a result of fractional crystallization. The principal 


Olivine (Spinel) 

^ Byfownife 

Enstatite J 

Labradorite 

Augite J 

Andesine 

Hornblende J 

Oligociase 
Biotite J 

\ Albite 

/ 

Quartz Potash feldspar 


Zeolite 

j 

Solutions enriched 
in water 

Fig. 5.9. — The reaction series 

types of calc-alkalic rocks formed during magmatic crystallization 
are the following: 

la. Dunite : olivine (Harzburgite: olivine and enstatite) 

16. Anorthosite: calcic plagioclase 

2. Gabbro: labradorite, augite (or hornblende) 

3. Diorite: andesine, hornblende (or augite), biotite, quartz 

4. Granite: quartz, oligociase, hornblende, biotite, potash feldspar 

The average chemical composition of the most important calc- 
alkalic rocks is presented in Table 5.32. The analyses are quoted from 
Daly (1933). With special reference to the composition of granite, it 
should be noticed that, along with typical granites, Daly’s average 
also comprises somewhat more basic rocks that approach granodio- 
rites in composition and rocks that have a trondhjemitic composition 
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(see below). Therefore, Daly's granite average contains more sodium 
and less potassium than the typical granites. The composition of the 
potash-rich granites is illustrated by the average composition of rapa- 
kivi granites, presented in Table 5.33; the analysis is quoted from 
Sahama (1945c). 

A chemical peculiarity of differentiation is the increase of the 
Fe:Mg ratio toward the later stages of crystallization. Magnesium 

TABLE 5.32 

Average Chemical Composition (in Per Cent by Weight) of 
Calc-alkalic Igneous Rocks* 


Constituent 

Dunites 

Hornblendites 

Gabbros 

Diorites 

excluding 

Quartz 

Diorites 

Granodiorites 

Granites of 
All Periods 

No. of anal- 
yses 

10 

11 

41 

70 

40 

546 

Si0 2 

40 49 

42.80 

48.24 

56.77 

65 01 

70.18 

A1A . . . 

0.S6 

10 55 

17 88 

16 67 

15 94 

14.47 

Fe 2 0 3 . 

2 84 

6 62 

3 16 

3.16 

1.74 

1.57 

FeO 

5 54 

9.16 

5 95 

4 40 

2.65 

1.78 

MnO 

0 16 

0 24 

0.13 

0.13 

0.07 

0.12 

MgO 

46,32 

12.48 

7.51 

4 17 

1.91 

0.88 

CaO ... 

0 70 

11 67 

10.99 

6.74 

4 42 

1.99 

Na>0 . . . 

0 10 

1 89 

2 55 

3 39 

3.70 

3.48 

K 2 0 . . 

0 04 

1 00 

0.89 

2.12 

2 75 

4.11 

H 2 0 

2 88 

1.73 

1.45 

1.36 

1 04 

0.84 

m 

0.02 

1.62 

0.97 

0.84 

0.57 

0 39 

PA 

0 05 

0 24 

0.28 

0 25 

0.20 

0.19 

Total. . . 

100.00 

100 00 

100 00 

100.00 

100.00 

100.00 


* Based on material from Igneous Rochs and the Depths 0 / the Earthy by R. A. Daly. Copyright 1983. Courtesy of 
McGraw-Hill Book Co. 


greatly predominates over iron in the early crystallized olivine. Ac- 
cording to Table 5.32, the Fe:Mg ratio changes in the following way 
during the differentiation: 

Rock Fe Mg 

D unite 0.2 

Gabbro 1 .5 

Diorite 2.4 

Granite 4.9 

The crystal chemical explanation of the change in the Ee : Mg ratio, 
according to Goldschmidt (1937a), is that an increase of the radius 
of the cation in a structure results in weakening the bonds therein, 
and consequently the melting point of the structure will decrease. 
Because the radius of Fe 2i ~ (0.83 kX) is somewhat greater than the 
radius of Mg 2+ (0.78 kX), the melting point of minerals of ferrous 
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iron is lower than that of the corresponding magnesium minerals, and 
therefore magnesium is concentrated during the early stages of crys- 
tallization. The content of calcium reaches a maximum at the outset 
of the main stage of crystallization. Silicon, sodium, and potassium 
become enriched in the acidic rocks. The difference in the behavior 
of sodium and calcium is connected with the crystallization phenom- 
ena in the plagioclase series. The crystallization always begins with 

TABLE 5.33 


Partial Chemical Composition of Composite 
Mixture of Eastern Fennoscandian 
Rapakivi Granites 


Constituent 

Per Cent by Weight 

Si0 2 

72 .58 

AljOs 

12 98 

Fe203 ... . 

. . . 0 86 

FeO 

1.83 

MnO. . . . 

0.11 

MgO .... 

. . . 0.25 

CaO 

1 .01 

Na 2 0. .. 

3.01 

k 2 o 

5 .28 

h 2 o+ 

0.66 

h 2 o-.... 

0.38 

TiO, 

0 .34 

ZrO. 

0.12 

PA.. .. 

0.18 

F 

0.36 

Cl 

0.06 

S (total) . . . 

0.05 

C0 2 

0.05 

BaO 

0.10 

SrO . 

0.01 

RboO 

0.16 

CraoOs 

0.01 

Total. . 

100.39 


the separation of calcic plagioclase because the melting point of 
anorthite is considerably higher than that of albite. The order of 
crystallization in the plagioclase series may be understood in the fol- 
lowing way : Both the Ca 2+ ions of pure anorthite and the Na 4 - ions of 
pure albite occupy analogous structural positions. They are linked 
to 0 2 ~ ions. It is evident that the Coulomb attraction between Ca 2+ 
and 0 2 ~ is stronger than in the pair Na 4 " and G 2 ~\ The bond between 
Ca 2+ and O 2- is stronger than the bond between Na 4 * and 0 2 ~, and 
consequently the anorthite structure is stronger than the albite 
structure. Therefore, anorthite separates at an earlier stage of crys- 
tallization than albite does. 
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The normal course of crystallization of calc-alkalic magmas is pre- 
sented in Figure 5.10, according to Goldschmidt (1922a). However, 
the course of crystallization depends on the water content of the 
original melt. Magmas with a high content of mineralizers are often 
present in orogenic zones. If the water content is high, the crystalli- 
zation will follow another course, and rocks belonging to the mica 
diorite type are formed. The crystallization diagram, according to 
Goldschmidt (1922a), is presented in Figure 5.11. 
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Fig. 5.10. — Normal course of crystallization of calc-alkalic magmas 
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Fig. 5.11. — Course of crystallization of magmas rich in water (mica diorite type) 


The main difference in crystallization between the normal and the 
water-rich magmas is that in the latter the separation of biotite 
starts earlier, at a considerably higher temperature, and that potash 
feldspar is very scarce or totally absent in them. The early crystalli- 
zation of biotite is caused by the high water content of the melt. The 
bulk of potassium is removed in biotite during the early and inter- 
mediate stages of crystallization, and the lack of potassium in the 
later stages prevents the formation of notable amounts of potash 
feldspar. Therefore, albite by far predominates over potash feldspar 
in trondhjemites, but in other respects the trondhjemites correspond 
to granites. 
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If the water content of the original magma is exceptionally low, the 
crystallization will follow still another course (the mangerite type), 
which is presented, according to Goldschmidt (1922a), in Figure 5.12. 
This type of crystallization is characterized by the rather early start 
of the separation of potash feldspar. The separation of potassium 
from the melt at comparatively high temperatures consequently 
characterizes both the mica diorite type and the mangerite type. 

CRYSTAL CHEMICAL DISCUSSION OF THE COXJBSE 
OF CRYSTALLIZATION 

The schematic course of crystallization discussed in the preceding 
paragraph is governed by the forces that tend to capture the con- 
stituents of mineral structures — ions in silicate structures — from the 
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Fig. 5.12. — Course of crystallization of magmas poor in water (mangerite type'' 


melt with a low degree of order and to arrange them into a structure 
with a high degree of order. A silicate melt may be considered a solu- 
tion in which each of the constituents acts as a solvent for the others. 
The ions contained in the melt constantly change their relative posi- 
tions, and therefore the degree of order in the melt is low. 

In a melt with a temperature close to the temperature of crystal- 
lization some kind of order is already present, even though it is not 
statistical, as in crystalline substances. Figure 5.13 shows the differ- 
ence between the crystalline state and the statistically disordered 
state. The network of [Si0 4 ] tetrahedra of a silicate and of the Si0 2 
glass is presented in Figure 5.13 according to Zachariasen ( 1932 ). 
Even though the [SiOJ tetrahedra form a three-dimensional network 
in the glass, the structure lacks the regularity of the crystalline sili- 
cate. However, in both structures the co-ordination and the type of 
binding are essentially the same. The crystallization includes an 
abrupt transition from a disordered into an ordered state; in a silicate 
system, however, the transition is not very pronounced. 
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The formation of minerals may be explained by means of kinetic 
reasoning with temperature as an essential function, as Wickman 
(1943) has done. When the temperature of a mineral structure is 
higher than absolute zero, the ions and atom groups oscillate about 
their mean regular positions. With increasing temperature, the os- 
cillation intensity of an ion increases and may exceed a certain criti- 
cal value. Thereupon, the ion will move from its original co-ordina- 
tion into another co-ordination, and a new modification of the struc- 
ture will form which is stable at the new temperature. The ion may 
also leave the original co-ordination altogether, i.e., the melting point 



Fig. 5.13. — Structural difference between a silicate glass (a) and a crystalline silicate (6) . 
(Based on material from the Journal of the American Chemical Society , Vol. 54, 1932. Used by 
permission.) 

of the structure is reached. The energy required to move an ion from 
a position with a given co-ordination to another position with a dif- 
ferent co-ordination is called the activation energy of the migration 
of the ion, or the jE-value. The energetic stability of a structure is 
the sum of the migration energies of its constituting ions. 

According to Wickman (1943), the migration energy depends on 
a number of factors, viz., the co-ordination, size, and charge of the 
ion, the degree of order in the structure, the temperature, and the 
pressure. The first three factors are the most important. 

EFFECT OF CO-ORDINATION ON THE MIGRATION ENERGY 

The ions possess a tendency to become arranged in the structure 
in a given co-ordination. The co-ordination number and the manner 
of co-ordination depend on the size and polarization of the ion and 
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of the surrounding ions. In many structures, particularly in the 
rather complicated silicate minerals, the ions of a given element may 
occur in different co-ordinations, e.g., with reference to oxygen. 
Therefore, it follows that an ion in a given structure may have sev- 
eral different .E-values. However, the ion prefers a certain co-ordina- 
tion which is determined by its individual properties, principally by' 
its size, and for this co-ordination the migration energy' is greater 
than for any other possible co-ordination. The existence of several 
modifications of a mineral which have different structures but equal 
bulk composition illustrates the effect of co-ordination on the migra- 
tion energy. The pair sillimanite-kyanite may be given as an ex- 
ample: 


Mineral 

Sillimanite 
Kyanite. . 


Formula 

Al[AlSiOj] 

Al.[0|SiOJ 


Heat of Formation 
(kcal/mol) 


623 .7 
617.4 


Kyanite is the unstable modification and tends to convert into silli- 
manite, which is stable under normal circumstances. The cause of the 
difference in stability is the difference in structure. 

The mechanism of the incongruent melting of orthoclase may be 
explained, from an atomic standpoint, by applying the concept of 
migration energy. Orthoclase melts incongruently with the forma- 
tion of leucite and a melt. The migration energy of the E> ion in the 
leucite structure differs from its migration energy in the orthoclase 
structure; in the former the migration energy evidently is higher. 
When orthoclase melts, the E - value of the ion in the orthoclase 

structure is reached, and all K+ ions leave the disintegrating struc- 
ture. The kinetic energy resulting from the oscillation of the ions now 
exceeds the migration energy of the K~ ion in the orthoclase struc- 
ture, but it is still lower than the migration energy of the E> ion in 
the leucite structure. Therefore, leucite remains stable, and only 
when the migration energy of E> in leucite is exceeded with increas- 
ing temperature will the fusion be accomplished. 

EFFECT OF IONIC SIZE ON THE MIGRATION ENERGY 

Because the co-ordination number of a cation surrounded by a co- 
ordinated polyhedron of anions is determined by the radius ratio of 
the ions, the size of cations with a given co-ordination number may 
vary only within certain limits which can be geometrically calculated 
for the different co-ordination numbers. If the ionic radius of the 
cation falls beyond the limits, another co-ordination is formed, and 
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the co-ordination number of the cation changes. Consequently, the 
stability of co-ordination depends on ionic radius. A given co-ordi- 
nation is at its most stable when the radius of the cation has an opti- 
mum value. Therefore, it is evident that the migration energy is 
greatest for a certain radius and smaller both for greater and for 
smaller radii because then the structure decreases in stability. For 
different cations with different radii but with similar charge and 
similar co-ordination in the structure, the migration energy is differ- 
ent and is a function of the radius. 

The separation of forsterite, Mg 2 [Si0 4 ] 5 from a crystallizing rock 
melt prior to fayalite, Fe 2 [Si0 4 ], may be understood by means of 
migration energy. Both Mg 2+ and Fe 2+ are 6-co-ordinated in these 
structures. The radius of Mg 2+ (0.78 kX) is somewhat smaller than 
the radius of Fe 2+ (0.83 kX). It was pointed out in an earlier para- 
graph that ferrous iron generally separates in a later stage of differ- 
entiation than magnesium does because its radius is greater and con- 
sequently the stability of structures containing ferrous iron is lower 
than that of structures containing magnesium. This is but a partial 
explanation. Evidently, the size of the Mg 24 " ion is closer to the opti- 
mum size required by 6-co-ordination, and therefore the migration 
energy of Mg 24- in the olivine structure is greater than the migration 
energy of Fe 24 " therein. The migration energy of the Be 2+ ion with a 
radius of 0.34 kX is so small that beryllium is unable to form any 
stable structures in 6-co-ordination, and consequently no beryllium 
is able to enter into the olivine structure. Therefore, beryllium be- 
comes enriched toward the later stages of crystallization. The struc- 
ture of its orthosilicate phenakite,* Be 2 [Si0 4 ], is entirely different from 
the olivine structure. 

EFFECT OF IONIC CHARGE ON THE MIGRATION ENERGY 

Of two cations with the same radius but with different charge, the 
cation with the higher charge must have the higher migration energy. 
The reason is that the cation with the higher charge is more strongly 
bound within the structure. 

The crystallization sequence of the plagioclase feldspars may be 
explained by the differences between the magnitude of the migration 
energy of Ca 2+ and that of NaA The migration energy of Na 4- is lower 
than that of Ca 24 *, and therefore the Na+ ion is more mobile than the 
Ca 24- ion, especially at elevated temperatures. The result is that the 
calcic plagioclases separate at higher temperatures than do the sodic 
plagioclases. 
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With special reference to silicate minerals, it must be emphasized 
that the stability of the structure depends not only on the properties 
of the cations but also on the properties of the complex silicon-oxygen 
framework. The stability of minerals separated in the dark branch 
of the reaction series diminishes during the crystallization, showing 
that the stability of structures formed from chains of [Si0 4 ] tetra- 
hedra is lower than the stability of structures consisting of independ- 
ent [Si0 4 ] tetrahedra. However, the stability of a structure also de- 
pends on other factors, e.g., on the distance between the constituting 
particles, on their number in the unit cell, and on the nature of the 
bond. Many of the structural factors are still unknown, and conse- 
quently the crystal chemical discussion presented above will give 
only a rough and sketchy explanation of the course of crystallization. 

DARK CONSTITUENTS 

The occurrence of forsterite, the magnesium orthosilicate with in- 
dependent [Si0 4 ] tetrahedra in its structure, as the first-separated 
dark constituent is remarkable inasmuch as the separation of for- 
sterite precedes the separation of enstatite, the magnesium metasili- 
cate. The two minerals contain Mg 2 ~ in 6-co-ordination. Therefore, 
it is evident that the properties of the Si-0 framework will determine 
the order of crystallization of forsterite and enstatite. In the olivine 
structure the oxygen ions actually are packed more closely together 
than in the enstatite structure, and they resemble approximately a 
hexagonal closest packing. 

In calc-alkalic rocks the calcium-free enstatite crystallizes prior to 
the calcium-bearing augite. Because the type of the silicon-oxygen 
framework is the same in all pyroxenes, the difference in their order 
of crystallization must be due to the presence or absence of calcium 
(and aluminum, alkali metals, etc.) in the structure. The radius of 
Ca 2+ (1.06 kX) is considerably greater than the radius of Mg 2 ~ 
(0.78 kX). If the large calcium ion enters the pyroxene structure, it 
will push the adjacent chains of [Si0 4 ] tetrahedra farther apart, 
thereby decreasing the stability of the structure. This, of course, is 
only a rough explanation of the order of crystallization of the py- 
roxenes. 

The averages calculated by Chir vinskv (1931) show that the com- 
position of augite changes somewhat during the crystallization, as the 
content of magnesium decreases in relation to the content of calcium. 
This is illustrated in Table 5.34, which is calculated from the values 
presented in Table 5.22. It must be noted, in addition, that the aver- 
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age iron content both in the orthorhombic pyroxenes and in the au- 
gites increases somewhat toward the later stages of crystallization. 

The separation of the amphiboles after the pyroxenes may be ex- 
plained by the differences in the silicon-oxygen framework. The 
structural differences between the pyroxenes and the amphiboles are 
shown in Figure 5. 14 (see also Fig. 5.5). The double chains of [SiOJ 
tetrahedra in the amphiboles are somewhat looser and evidently less 
stable than the single chains in the pyroxenes. The co-ordination of 
the cations in the two groups of minerals is similar except that in the 
amphibole structure one of the five Mg 2+ ions (or the replacing Ee 2+ 
and other ions) is linked to only four O 2- ions. The remaining two 
bonds link it to two OH~ or F~ ions. The OH~ and F~ ions, however, 

TABLE 5.34 

Changes in Molecular MgOrCaO Ratio in Augite 
Separated during Different Stages of 
Magmatic Crystallization 



Augite from 
Pyroxenites, 
Lherzolites, 
Etc. 

Augite from 
Gabbros and 
Norites 

Augite from 
Augite Sye- 
nites and 
Augite Dio- 
rites 

MgO : CaO 

1 21 

1.18 

0.92 



do not belong to the double chains of the [SiOJ tetrahedra but occur 
as independent anions in the structure. The linkage differences of the 
Mg 2+ ions evidently explain the order of crystallization of augite and 
hornblende. 

The crystallization of micas after the crystallization of hornblende 
is explained by the fact that the structure of the micas is still weaker 
than the amphibole structure. Moreover, the K* ion is the most im- 
portant cation in the micas, but, because of its low charge, it cannot 
be so strongly bound within the structure as can some other cations 
with higher charge in the same co-ordination. 

LIGHT CONSTITUENTS 

The atomic explanation of the crystallization of plagioclase feld- 
spars was presented in an earlier paragraph. The plagioclase series is 
one of the best illustrations of the decisive effect of the properties of 
a cation, e.g., its charge, on the stability and energetic properties of 
a structure. Even though the silicon-oxygen framework of the plagio- 
clases remains unchanged during the crystallization, the change in 
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the Na . Ca ratio is sufficient to maintain the separation of plagio- 
clase from the early magmatic stage through the main stage of crys- 
tallization and still further. 

ALKALIC ROCKS 

The discussion of the crystallization sequence of the silicate min- 
erals deals only with the normal calc-alkalic rocks. During the crys- 
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Fig. 5.14. — Schematic structure of the pyroxenes (top) and of the amphiboles (bottom). 
The c-axis is perpendicular to the plane of the paper. Alkali-metal ions may occupy the 
positions marked with a cross (X) in the amphibole structure. 

tallization of the alkalic rocks the sequence of separation of the min- 
erals may be entirely different, particularly when nepheline syenites 
are formed. 

The formation of the basic, intermediate, and acidic calc-alkalic 
rocks usually starts with the separation of accessory minerals (il- 
menite, magnetite, apatite, zircon, sphene), followed by the separa- 
tion of augite, hornblende, and biotite, and of feldspars and quartz. 
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In the alkalic rocks, in which both sodium and potassium predomi- 
nate over aluminum, augite and hornblende are replaced by pyrox- 
enes and amphiboles, in which sodium preponderates over potassium 
and ferric iron partly substitutes for aluminum outside the silicon- 
oxygen framework. The reason is that the sodium ion is smaller than 
the potassium ion and consequently is preferentially taken up by the 
pyroxene and amphibole structures. Because almost all aluminum is 
spent in the formation of feldspars and feldspathoids and because 
sodium preponderates among the alkali metals, Na+~Fe 3+ silicates 
will form, which crystallize as pyroxenes and amphiboles. In alkalic 
rocks, augite is replaced by aegirite or aegirinaugite and hornblende 
by members of the riebeckite series. All gradations exist between 
aegirite and augite and between the riebeckites and the hornblendes. 

With reference to energetic viewpoints, the alkali pyroxenes and 
alkali amphiboles may be compared to the plagioclase feldspars. The 
stability of the structure decreases from anorthite to albite. In a 
similar manner the stability decreases from augite to aegirite and 
from hornblende to arfvedsonite and riebeckite. The reason for the 
decrease is the increasing quantity of sodium as a constituent of the 
structure. 

The stability of the pyroxene and amphibole structures is dis- 
played by the crystallization sequence in nepheline syenites. Fersman 
(1929) divided the nepheline syenites according to their order of 
crystallization into two groups, viz., the miaskitic and the agpaitic 
nepheline syenites. The miaskitic group includes those nepheline 
syenites in which the crystallization sequence is analogous to the se- 
quence in calc-alkalic rocks, that is, those in wdiich the alkali pyrox- 
enes and the alkali amphiboles separate prior to the alkali feldspars. 
In the agpaitic nepheline syenites the order is the reverse. The nephe- 
line syenites of the Kola Peninsula in Russia belong to the agpaitic 
group. Their crystallization sequence is the following: 

(1) Nepheline 

(2) Alkali feldspars 

(3) Zirconium and titanium silicates 

(4) Na-Fe silicates (alkali pyroxenes and alkali amphiboles) 

(5) Volatile substances 

The noteworthy content of sodium in the structures of the alkali 
pyroxenes and alkali amphiboles decreases their stability, and con- 
sequently they cannot separate before the alkali feldspars and nephe- 
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line do, and their materials remain in the residual melt. In the calc- 
alkalic rocks calcium causes the crystallization of the pyroxenes and 
amphiboles before the separation of the calcic plagioelases takes 
place, whereas in the alkalic rocks the light constituents are the first 
to separate. The normal crystallization sequence represented by the 
miaskitic types is probably the result of changes in the Na: Ca ratio 
and in the content of other cations in the plagioclase feldspars and in 
pyroxenes and amphiboles. 

The differences in the sequence of crystallization of nepheline 
syenites are illustrated by the mineralogical composition of the neph- 
eline syenite pegmatites. Pyroxenes and amphiboles do not occur in 
normal granite pegmatites, but aegirite and members of the riebeck- 
ite series are common constituents of the pegmatites of alkalic rocks. 
The agpaitic nepheline syenite pegmatites are usually characterized 
by an abundance of the dark constituents. 

According to Fersman (1929), the miaskitic nepheline syenites, 
which are often rich in potassium, include the massifs of Serra de 
Monchique in Portugal, Ilmen Mountains in the Urals in Russia, 
Mariupol in the Ukrainian S.S.R., the Bancroft district in Ontario in 
Canada, and many others. The miaskitic nepheline syenites common- 
ly occur on the boundaries of orogenic belts and often display vestiges 
of shearing stress. The two nepheline syenite massifs at Chibina and 
Lujaur Urt in the central part of the Kola Peninsula in Russia; the 
Ilimausak and other massifs in southern Greenland; those of Pilands- 
berg in Transvaal, Union of South Africa; Los Archipelago in the 
Atlantic Ocean; Magnet Cove in Arkansas in the United States; and 
Rio de Janeiro and Tingua in Brazil, among numerous others, belong 
to the group of the agpaitic nepheline syenites. The agpaitic types 
form huge massifs w T hieh usually show no sign of deformation. They 
occur as discordant injections in surrounding rock complexes. Some 
nepheline syenites are also known that occupy an intermediate posi- 
tion between the agpaitic and miaskitic types. 

PEGMATITES 

After the close of the main stage of crystallization there often re- 
main residual solutions rich in hyperfusible constituents, especially 
in water, and the differentiation proceeds therein. The solutions com- 
monly penetrate surrounding solidified rocks and form pegmatite 
veins and bodies. However, the pegmatitic liquors are not necessarily 
always left over from crystallization, inasmuch as the pegmatitic 
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material may already have been consumed, directly or in reactions, 
during the preceding stage of crystallization. For example, in basic 
rocks albitization, chloritization, and other processes may be due to 
the action of residual liquors, and some granites also contain all their 
pegmatitic material. Pegmatites of granites and nepheline syenites — 
the last rocks to form during the main stage of crystallization — are 
rather common. Moreover, in the marginal parts or in the immediate 
neighborhood of massifs consisting of femic igneous rocks, such as 
gabbros, diabases, and pyroxenites, there often occur coarse-grained 
crystallates that differ chemically from the massifs and must be ex- 
plained as pegmatites formed from the hydrous residual magmas. 
Pegmatites of acidic rocks are far more common than those belonging 
to intermediate and basic rocks because acidic rocks are more com- 
mon than the basic ones and because, as a general rule, pegmatites 
are more acidic than the plutonic bodies from which they were de- 
rived (Landes, 1933). 

The last crystallates formed during the pegmatitic stage of crys- 
tallization are called complex pegmatites. Hydrothermal replacement 
has taken place in the complex pegmatites, and rare minerals have 
been deposited In them. Therefore, they are important both miner- 
alogically and geochemically. During the crystallization of a magma 
the elements having suitable ionic properties are removed by incor- 
poration into the structures of rock-making minerals, whereas those 
elements for which this kind of removal is impossible and which are 
present In the melt in too small quantities to allow the formation of 
independent minerals become gradually enriched in the magmatic 
residue. Therefore, the pegmatites often contain, in high concentra- 
tions, a number of elements which are but rarely present in the early 
differentiates and in undifferentiated rocks. A number of heavy ele- 
ments, such as thorium and uranium, become concentrated in the 
uppermost parts of the lithosphere because of their property of be- 
coming enriched in granitic and pegmatitic melts of low density. 

Elements which are particularly concentrated in pegmatites are, 
among others, lithium, beryllium, boron, fluorine, rubidium and 
cesium, the rare-earth metals, zirconium and hafnium, columbium 
and tantalum, and uranium. The elements typically enriched in peg- 
matites are listed in Table 5.35, according to Goldschmidt (19335, 
1934). This table comprises elements with very small ionic radius, 
which forbids their being camouflaged in the structures of common 
rock-making minerals. Beryllium and boron belong to this group; 
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they are both elements typical of pegmatites. Another group among 
the elements typical of pegmatites contains those with too great 
ionic dimensions to allow them to replace diadochically the common 
constituents of rock-making minerals during the crystallization. 
Rubidium and cesium are examples of such elements. The ions of the 
rare-earth metals also are of dimensions great enough to cause a 
preferential enrichment of these elements in the pegmatites. During 
differentiation they become only partly trapped, e.g\. in calcium 


TABLE 5.35 

Elements and Element Complexes Typical of and Enriched in 
Residual Liquors of Silicate Magmas 


Pegmatites 

Pneumatolytic Deposits 

Hydrothermal Deposits 

Li (Cs) 

Li 

A g Au 

Be (Mn) 

Cu 

Ba (Sr) Mn 

Zn Pb Cu 

B 

Sc Y La TR 

B 

Sc 

As 

(B) 

As Sb Bi 

Ti Zr Ilf Th Ce 

Sn 


Cb Ta CP) 

(Ta) P 


Mo (W) U 

Mo W 

(Mo) U 

F Cl OH 

C0 2 

P Cl OH 

C0 2 

F Cl OH 

CO 2 

(S) 

s 

S Se Te 


minerals. Because of energetic reasons the Li + -Mg 2+ diadochy re- 
moves only a part of lithium into rocks formed during the main stage 
of crystallization. 

Rather pronounced differences exist in the distribution of a num- 
ber of rare elements in granite pegmatites and in nepheline syenite 
pegmatites. Uranium, columbium, tantalum, scandium, yttrium, and 
the weakly basic yttrium-earth metals are predominantly concen- 
trated in granite pegmatites, whereas the strongly basic cerium- 
earth metals, zirconium, and often thorium are enriched in the nephe- 
line syenite pegmatites. Moreover, the zirconium minerals of granite 
pegmatites are richer in hafnium than are the zirconium minerals of 
nepheline syenite pegmatites. Further, the Fe 3 ^ and Ce 4_r ions seem 
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to occur preferentially in the nepheline syenite pegmatites, whereas 
Fe 2+ and Ce 3+ minerals are characteristic of the granite pegmatites. 
The elements enriched in the most important groups of pegmatites 
of acidic rocks, i.e., in granite and nepheline syenite pegmatites, are 
presented in Table 5.36, according to Goldschmidt (1930c, 19336). 

Geochemical concealing and the enrichment of certain elements in 
pegmatites prove that the ionic dimensions may often decisively af- 
fect the manner of occurrence of elements in rocks. However, the size 
of an ion does not always predict its geochemical behavior in igneous 
rocks, and, in spite of its importance, the ionic radius is not the sole 
factor in determining the distribution of an element in igneous sur- 


TABLE 5.36 

Elements Concentrated in Granite Pegmatites and 
in Nepheline Syenite Pegmatites 


Nepheline Syenite Pegmatites 

(Li) 

Be 

B 


Granite Pegmatites 

Li 

Be 

B 

Sc Y Gd Tb By Ho Er Tm Yb Lu 
La Ce Pr Nd Sm Eu 
Ti Zr Hf Th 
Cb Ta P 
Mo (W) U 
F (Cl) 

(CO*) 


La Ce Pr Nd Sm Eu 

Y Gd Tb Dv Ho Er Tm Yb Lu 

Ti Zr Hf Th 

Cb (Ta) P 

(Mo) (U) 

Cl F 
C0 2 


roundings. Columbium and tantalum are examples of elements whose 
behavior is not determined merely by ionic size. They are chemically 
closely related and consequently nearly always accompany each 
other in minerals and in other natural surroundings. The radii of 
quinquevalent columbium and tantalum are nearly identical with the 
radius of ferric iron, and therefore one would expect the two metals 
to be enriched in iron minerals, by substituting ferric iron therein. 
However, columbium and tantalum, often in the form of independent 
minerals, are typical constituents of pegmatites (see chap. 26). 

The enrichment of many otherwise rare constituents of rocks in the 
pegmatites is responsible for the fact that pegmatites often contain 
a wealth of independent minerals of rare elements not found else- 
where. Some of these minerals are used as ores of rare elements. Ac- 
cording to their bulk chemical composition, the pegmatites may be 
divided into two groups (Goldschmidt, 1930c). The first group com- 
prises the agpaitic pegmatites. They belong to the differentiation 
products of agpaitic magmas, and in them the atomic abundance of 
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sodium and potassium is higher than the atomic abundance of 
aluminum : 

Na + K > A1 . 

In the second group, the plumasitic pegmatites, aluminum predomi- 
nates over sodium and potassium : 

Na + K < A1 . 

Lithium is not considered with sodium and potassium in the geo- 
chemical classification of the pegmatites because it does not form a 


TABLE 5.37 

Typical Minerals of Agpaitic and 
Plumasitic Pegmatites 


Agpaitic Minerals 

Aegirite 

Riebeckite 

Arfvedsonite 

Catapleite 

Eudialite 

Eucolite 

Eipidite 

Plumasitic Minerals 

Dumortierite 

Cordierite 

Corundum 

Topaz 

Leucopliane 

Beryl 

Meliphanite 

Epididymite 

Eudidymite 

Ckrysoberyl 

Homilite 

Cappelenite 

Tourmaline 

Mosandrite 

Steenstrupine 

Allanite (Orthite) 

Lepidomelane 

Astrophyllite 

Muscovite 

Epistolite 

Euxenite 

Wohlerite 

Columbite 


feldspar. The agpaitic character of a pegmatite is proved, e.g., by the 
occurrence of minerals in which the excess of sodium and potassium 
accompanies iron, as in aegirite, NaFefS^Oe], whereas the plumasitic 
pegmatites may contain minerals like corundum, a-ALOs. borne typi- 
cal minerals of the agpaitic and plumasitic pegmatites are presented 
in Table 5.37, according to Goldschmidt (1930c, 19335). 

Along with the minerals listed in Table 5 . 37 a number of neutral 
minerals occur in the pegmatites, e.g., the alkali feldspars, nepheline, 
and leucite, in which Na + K = Al. Quartz and zircon are also 
neutral minerals, whereas calcic plagioclase is a typically plumasitic 
mineral. 

The pre-Cambrian granite pegmatites of southern Norway and the 
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spodumene-bearing granite pegmatites of the Black Hills in South 
Dakota in the United States are well-known representatives of plu- 
masitic pegmatites. The pegmatites of southern Greenland and those 
of the central parts of the Kola Peninsula in Russia, among others, 
belong to the group of agpaitic pegmatites. 

Many ore minerals are also present in the pegmatites. Native gold 
and platinum occur in some pegmatites, and cassiterite, wolframite, 
and magnetite are abundant in many. Among the sulfide minerals, 
only molybdenite is more consistently found in pegmatites. Other 
sulfide minerals present are pyrite, arsenopyrite, bornite, chalcopy- 
rite, galena, and sphalerite. The ore minerals occurring in pegmatites, 
according to Landes (1937), have been precipitated from hydrother- 
mal solutions which merge into the pegmatites. Tin, tungsten, and 
molybdenum are connected with granite pegmatites and associated 
hydrothermal veins, whereas gold and sulfide minerals are found in 
pegmatites and hydrothermal deposits produced from intermediate 
magmas. 

The previous discussion refers to the complex pegmatites. There 
is, in addition, another group of pegmatites called simple pegmatites. 
They do not represent any specific products of crystallization, and no 
hydrothermal replacement has taken place in them. They are formed 
in palingenetic processes by the remelting of rocks. The simple peg- 
matites resemble the complex ones externally because they form very 
coarse-grained veins and bodies. However, they are mineralogically 
and geochemically entirely different from the complex pegmatites. 
They do not contain noteworthy concentrations of rare elements and 
rare minerals but rather correspond, chemically, to the last products 
formed during the main stage of magmatic crystallization. 

PNEUMATOLYTIC AND HYDROTHERMAL DEPOSITS 

The formation of pegmatites still belongs to the magmatic stage of 
crystallization. The pegmatites separate from a residual melt con- 
taining much water and other mineralizers, e.g., acid vapors. Materi- 
als crystallizing as silicates, however, form the bulk of the melt. The 
formation of pegmatites marks the end of the magmatic crystalliza- 
tion in the strict sense of the term. No sharp boundary can be estab- 
lished between the pegmatitic stage and the ensuing pneumatolytic 
and hydrothermal stages during a notably fractional crystallization, 
but it is customary to treat the pneumatolytic and hydrothermal 
formations separately from the pegmatites. When a superheated 
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aqueous solution containing dissolved silicates and other substances 
crystallizes above the critical temperature of water vapor (374?5 C.}, 
the deposits formed are called pneumatolytic. If the crystallization 
takes place at a temperature below the critical temperature of water 
vapor, the resulting rocks and minerals are called hydrothermal. 

The chief minerals formed during the pegmatitic stage are silicates, 
mainly alkali feldspars and micas, quartz, and the characteristic min- 
erals containing rare elements. The mineral veins are the most im- 
portant among pneumatolytic and hydrothermal deposits. Many 
heavy metals are separated in such veins and may form ore bodies of 
high economic importance. The vein deposits contain many sulfo- 
phile metals either in the native state or as oxides, sulfides, arsenides, 
antimonides, selenides, tellurides, and various sulfosalts. Almost all 
metals found in the vertical subgroups of the Periodic System occur 
in the metalliferous veins. The elements typical of pneumatolytic and 
hydrothermal deposits are presented in Table 5.35. 

The hydrothermal deposits are commonly classified according to 
their temperature of formation. With decreasing temperature, the 
order of the hydrothermal deposits formed is the following: perimag- 
matic, apomagmatic, cryptomagmatic, and telemagmatic. The peri- 
magmatic deposits, formed at the highest temperatures, have re- 
mained close to the intrusive center. The materials of the apomag- 
matic minerals may have migrated farther into the surrounding 
rocks, whereas the cryptomagmatic and, in particular, the telemag- 
matic materials, because of their low temperature of crystallization, 
have migrated too far from their igneous home to allow a definite 
identification of their source. The heavy metals found in the mineral 
veins may form independent minerals over a wide range of tempera- 
tures. It follows that, in general, each metal tends to form a zone 
around the intrusive center. However, the zones are not strictly de- 
fined, and the zonal arrangement is far from ideal. At any rate, the 
following order of separation may be given for some of the metals in 
question (Berg, 1929): 

W Au 

Perimagmatic Sn Bi As Cu Zn Pb Sb Hg — » Apomagmatic . 

Mo U ' Ag , 

Iron and sulfur are present in all zones. The zone of tellurium coin- 
cides closely with the zone of gold, and the zone of selenium with that 
of silver. 
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It is believed that the pneumatolytlc and hydrothermal emana- 
tions are first acid in reaction, owing to the presence of HC1, HF, 
H 2 S, H 2 S0 4 , H 2 C0 3 , H 3 BQ 3 , and other volatile acids. In reactions 
with surrounding rocks they are neutralized, and in a later stage the 
solutions may be alkaline because of the presence of alkali salts of 
weak acids, such as alkali carbonates, borates, and sulfides. Unless 
they are completely consumed in mineral-producing reactions, the 
alkaline solutions, mixed with meteoric waters, reach the surface in 
hot springs. Sometimes, when the intrusive mass lies at a shallow 
depth, even acid emanations, such as vapors or acid waters, may be 
encountered on the Earth’s surface. 

After deposition of most of their metallic constituents, the water- 
rich hydrothermal residual solutions may deposit quartz, zeolites, and, 
if other volatile constituents are present, such minerals as datolite, 
Ca[0H|BSi0 4 ], and thaumasite, Ca 3 H 2 [C0 3 1 S0 4 1 Si0 4 ] • 14H 2 0. 
The abundant formation of zeolites probably requires addition 
of water from extraneous sources. The late hydrothermal solu- 
tions may merge with surface waters, and consequently hydro- 
thermal processes and secondary changes during the weathering 
often become indistinguishable. 

VOLCANIC EMANATIONS 

During magmatic differentiation the most readily volatile con- 
stituents become concentrated in pneumatolytic and hydrothermal 
deposits. Little is known of the concentration of the volatiles in a 
melt or in its derivatives until they rise to the Earth’s surface along 
cracks and fissures surrounding the magma basin. In volcanoes the 
magmas reach the surface, and their volatile constituents, as volcanic 
emanations, escape into the atmosphere, dissolve in water, and form 
sublimates around the craters and vents. On the bottom of the ocean, 
volcanic springs produce emanations that dissolve in sea water. 

A typical analysis of volcanic emanations is presented in Table 
5.38, according to Graton (1945). The analysis is based on E. S. 
Shepherd’s selection of the most reliable analyses of gases from the 
active Halemaumau lava lake in Hawaii. The analysis shows that 
water vapor is the most important component of the emanations. It 
is followed by carbon dioxide, nitrogen, and native and combined 
sulfur. The analysis of Table 5.38 represents the composition of the 
gases after the deduction of all oxygen and of the normal atmospheric 
proportion of nitrogen, carbon dioxide, and argon, because the gas 
samples were contaminated by surface air. 
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The composition of volcanic gases shows notable local and areal 
changes, some of which are attributed to the composition of the indi- 
vidual magmas. However, the surrounding rocks noticeably affect 
the composition of the ascending gases because the gases react with 
the rocks under precipitation of some of their constituents and under 
uptake of new volatile compounds. Therefore, it follows that all the 
constituents of volcanic emanations do not necessarily derive from 
the magma (juvenile constituents) but may partly become incorpo- 
rated from the Earth’s surface (superficial constituents) or from the 
atmosphere (meteoric constituents). 


TABLE 5.SS 

Average Chemical Composition of 
Halemaumau Gases 


Constituent 

Per Cent 

By Volume 

By Weight 

h 2 o 

67 6S 

45 12 

co 2 . 

12 71 

20 71 

so 2 .. 

7 03 

16.67 

N> . 

7 65 

7.93 

S0 3 ... 

1 S6 

5.51 

s 2 .. 

1.04 

2 47 

CO. . 

0 67 

0 69 

Cl 2 . 

0 41 

0.54 

A... 

0 20 

0.30 

Ha 

0 75 

0.06 

Total 

100 00 

I 100 00 


Ch. Sainte-Claire Deville and F. Leblanc concluded, in 1858, on 
the basis of numerous analyses of fumarole gases from Mediterranean 
volcanoes, that the composition of the emanations varies with the 
time elapsed since the start of the volcanic activity and with the dis- 
tance of the vents from the center of activity. The temperature of the 
emanations affects their chemical composition, and their tempera- 
ture, again, depends on the length of the path from the center of ac- 
tivity through the much cooler rocks to the vent. 

The gases separating at elevated temperatures are rather dry. 
They contain superheated water vapor, relatively much free hydro- 
gen, carbon monoxide, methane, metal chloride vapors, and gaseous 
fluorides. According to the theory, free oxygen, sometimes present in 
the high-temperature emanations, does not belong to the uncontami- 
nated emanations. With decreasing temperature, hydrogen and car- 
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bon monoxide start to oxidize to water and carbon dioxide, respec- 
tively, and sulfur is partly oxidized to dioxide. Water vapor reacts 
with the chlorides under the production of hydrochloric acid. The 
acid vapors may react with the surrounding rocks. They release hy- 
drogen sulfide from sulfide minerals and carbon dioxide from car- 
bonates. Consequently, they gradually become exhausted, and water 
vapor, carbon dioxide, and indifferent gases, e.g., nitrogen, are the 
main constituents of the emanations when the volcanic activity has 
decreased much in intensity. Finally, carbon dioxide also disappears, 
and only water vapor is given off. 

TABLE 5.39 

Average Composition of Fumarolic Gases 
of Katmai Region 


Constituent Per Cent by Volume 

HoO (water vapor) 99.65 

Fixed gases: 

C0 2 0.097 

0 2 0.002 

CO present 

CH 4 . . . 0 015 

HoS+H 2 . . .... 0.024 

No+A . . 0.041 

Total of fixed gases 0.179 

Soluble gases: 

H 2 S 0.029 

HC1 0.117 

HF 0.032 

Total of soluble gases 0 . 178 


Grand total 100.007 


Allen and Zies (1923) analyzed the gases from the fumaroles of the 
Katmai region in Alaska. The average composition of the gases is 
presented in Table 5.39. The principal gases other than water vapor 
are hydrochloric acid, carbon dioxide, nitrogen, hydrofluoric acid, 
hydrogen sulfide, and sometimes also methane. Minor gaseous con- 
stituents are oxygen, carbon monoxide, argon, and ammonia (gener- 
ally as chloride and probably as fluoride) . Water vapor and the inert 
gases in the Katmai fumaroles are believed to be chiefly of surface 
origin, owing to the admixture of meteoric waters with those of 
juvenile origin in the uppermost parts of the volcanic channels. 

Geochemically, the volcanic emanations are of high importance. 
Their total quantity on the Earth cannot be directly estimated be- 
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cause the data available are insufficient. However, a reasonable esti- 
mate may be made on the basis of the content of the elements of the 
emanations in sedimentary rocks, in the atmosphere, and in the hy- 
drosphere. Goldschmidt’s (19376) estimate of the amount of the 
products of degassing is presented in Table 5.40. 

It is believed that several volatile substances, in particular the 
chlorides of Na, K, Fe, Al, Zn, Cu, Pb, and other metals, are impor- 
tant constituents of the emanations. Fluorides seem to be somewhat 
less important. The chlorides of sodium, potassium, ammonium, and 
ferric iron probably are the most common and most abundant vol- 


TABLE 5.40 

Amount op Products of Degassing on the Earth 


Element 

Amount on the Earth 
(g*cm- 2 ) 

.. 

Atoms per 100 
Atoms of Hydrogen 

H 

31,000 

100 

B 

26 

0.008 

C 

2,300 

0.6 

N 

770 

0 IS 

0* 

253,000 

51 

s 

475 

0.046 

Cl 

5,365 

0.5 

Se.. . .. 

0.1 

0.000004 

Br 

18 

0.0007 

I.. . 

0.09 

0.000002 


* As HsO and CO 2 . 


canic sub lim ates. Silicofluorides and alkali carbonates also are of con- 
siderable abundance, and sulfates of the alkali metals, like glaserite 
(aphthitalite), NaK 3 [S0 4 ]2, have also been met in the sublimates. 
Alkali chlorides are abundant in hot-spring waters. E. T. Allen (ac- 
cording to F enn er, 1933) found that the amount of chlorine (as chlo- 
rides) discharged in the waters from the Norris Geyser Basin in the 
Yellowstone National Park in Wyoming in the United States may 
reach nearly 3,200 kg per day. 

Iron as ferric chloride, hematite, pyrite, or pvrrhotite is often con- 
nected with fumarolic activity. The heavy metals occur in the fu- 
marolic incrustations as oxides, chlorides, oxychlorides, hydrated 
chlorides, and carbonates. Some metals may be characteristic of cer- 
tain volcanic areas. Thus copper is considered to characterize the 
fumaroles of Etna and lead those of Vesuvius, even though the two 
metals are found in the fumaroles of both areas. 
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The following elements are reported in the fumarole deposits of the 
volcano Stromboli in the Tyrrhenian Sea: 

Fe (abundant hematite, a-Festh; magnesioferrite, MgFe20 4 ; 

soluble compounds) 

S, Se, Te 
Li, T1 (sulfates) 

I 

P 

Zn, Sn, Pb, Bi, Cu (soluble compounds) 

B (boric acid) 

N (sal ammoniac) 

As (realgar; soluble compounds) 

K, Rb, Cs (alums) 

Na (mirabilite, NadSOJ'lOHoO; glauberite, NasCatSOJs) 

Ca (glauberite) 

Zies (1924) presented evidence on the concentration of elements in 
volcanic areas through vapor-phase activity and through the solvent 
action of acid or alkaline aqueous solutions. He reported the presence 
of heavy metals in many fumarolic deposits collected, in 1919, in the 
Valley of Ten Thousand Smokes in Alaska. Here the volcanic activi- 
ty is caused by the intrusion of rhyolite under the valley floor. Lead, 
zinc, and tin were found in nearly all incrustations of the vigorously 
active fumaroles. The interaction of the acid gases and other volatile 
compounds, such as HC1, HF, H 2 S, S0 2 , S, and NH 4 salts, released 
by the fumarolic activity, with the extruded pumice produced a no- 
table mineralization in the pumice. The fluorine content ran as high 
as 3.8 per cent. Several tons of well-crvstallized fumarolic magnetite, 
evidently produced in the reaction between iron halogenide vapor 
and water vapor, were visible in a series of fissure vents. The magnet- 
ite was analyzed chemically and spectrochemically for its minor 
constituents. The analysis is presented in Table 5.41. 

According to Zies (1938), the analysis of other incrustations re- 
vealed the presence of Bi, Ga, Tl, B, Ge, As, Se, and Te. Molybde- 
num was often present as the hydrated oxide ilsemannite (molyb- 
denum blue), which colored areas covering several thousand square 
meters. 

In 1923 the temperature and general activity of the fumaroles had 
decreased to a point where the condensation of water vapor took 
place. The acid gases were in solution, all the magnetite was decom- 
posed, and in its place covellite, CuS; chalcocite, Cu 2 S; galena, PbS; 
pyrite, FeS 2 ; and sphalerite, ZnS, were found, along with cotunnite, 
PbCl 2 > and hematite, a-Fe 2 0 3 . Ammonium chloride, sulfur, borates, 
and fluorides had also been deposited. 
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Tim volcanic emanations affect essentially tlie manner of occur- 
rence and the geochemical cycle of many elements. Thus, for ex- 
ample, chlorine, sulfur, and boron, which, according to Table 5.40, 
are plentiful in volcanic emanations, are thereby added to the minor 
cycle. Volcanic emanations must be considered an important source 
of many elements participating in geochemical phenomena on the 
Earth’s surface. This is illustrated by the estimates of Zies (1938) on 
the total amount of the acid gases released, in 1919, by the fumaroles 
in the Valley of Ten Thousand Smokes: 

Compound Tons 

HC1 . .1 3* io 6 

HE. . . .. . . 0/2-10 6 

HoS 0 .3* 10 6 


TABLE 5.41 

Minor Constituents qfFumarolic Mag- 
netite from the Valley of Ten 
Thousand Smokes in Alaska 


Constituent 

Per Cent by Weight 

Zn . . 

0.47 

Cu . . . 

0 23 

Mo . . 

0.04 

Co .... 

.... 0.02 

Ni.... 

0.01 

Pb 

0.005 

Sn 

^0 .004 

MnO. . .. 

0.13 

Ti0 2 

0 005 

Sb 

present 

Hg, V, Cr, As, Bi .. 

.... absent 

S 

. . 0.27 

NaCl 

0.05 

Siliceous residue .... 

0.53 


Even though a part of the emanations is of surface origin, the impor- 
tance of volcanic emanations in affecting the geochemical balance of 
many elements cannot be overestimated. 

THE MINOR CYCLE AND ITS PRODUCTS 

The Exogenic Cycle of Matter 
The upper lithosphere is the seat of numerous geochemical proc- 
esses. Both local and areal changes in its chemical composition have 
taken place during the geological evolution of the Earth. All matter 
on the Earth's surface and in the uppermost layers of the lithosphere 
participates in a slow, but rather complicated, migration. This mi- 
gration of matter, or its cycle, causes more or less pronounced dis- 
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turbances or a total change in the structure and chemical composi- 
tion of rocks, and new rocks with new properties represent the result 
thereof. 

The migration of matter may be divided into two parts : the minor 
(or exogenic) cycle and the major cycle. The minor cycle takes place 
under the direct influence of hydrospheric and atmospheric agents, 
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whereas a material part of the major cycle is confined to the upper- 
most levels within the lithosphere. 

In the chemical reactions taking place during the exogenic cycle 
the elements behave differently, according to their individual prop- 
erties. The phenomena and laws connected with the exogenic cycle 
differ basically from the rules valid for the crystallization of magmas. 
Consequently, the migration of the elements is governed, at least 
partially, by different principles and results in the formation of prod- 
ucts whose existence cannot be explained on the basis of observations 
on magmatic crystallization. Geochemically, it is very important to 
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survey the distribution of the elements in products of the minor 
cycle. 

The minor cycle starts from solid crystalline rocks and ends in sed- 
imentary rocks. It forms but a part of the major cycle of matter in 
Nature, and, unlike the major cycle, which is closed, it is largely open 
and takes place only in one direction. The minor cycle is closed only 
for sedimentary rocks, but for other rocks it is irreversible. The minor 
cycle is of high importance for the manner of occurrence of the ele- 
ments in the uppermost lithosphere. This is due to its role as a sep- 
arating and concentrating agent for a number of elements. 

The course of the exogenic cycle of matter is schematically pre- 
sented in Figure 5.15. It consists of the weathering of rocks, the 
transportation of products formed in weathering, and the redeposi- 
tion of the materials, usually in new surroundings. These processes 
are in many respects similar to a gigantic semiquantitative chemical 
analysis, carried out by Nature and involving chemical separations 
on a large scale. 

Formation of Sediments 

WEATHERING 

The first stage of the minor cycle is the decomposition or weather- 
ing of rocks. Rocks belonging to all the three main classes — igneous 
rocks, sedimentary rocks, and metamorphic rocks — participate in 
this process. Weathering consists of a number of processes that grad- 
ually break down the fresh solid rocks into an aggregate of loose 
material, some of which goes into solution, while another part suc- 
cumbs to chemical changes and still another part remains unchanged 
in composition. The decomposing agents are either physical (me- 
chanical) or chemical. The chief mechanical agents are changes of 
temperature and the action of frost and crystallizing salts. They only 
break down the rock into separate particles, which are more likely to 
succumb to chemical reactions. Consequently, the mechanical proc- 
esses may be considered to form the first step of decomposition by 
furnishing fresh mineral surfaces for the subsequent more powerful 
chemical attack. r ~ 

Chemical decomposition is caused by the action of rain, surface, 
and ground water and of the solids and gases dissolved therein. The 
presence of water is the basic requirement of all chemical weathering. 
It is known that ultimately all minerals are soluble in water. Rain 
water falling on the surface of a rock and flowing over it dissolves the 
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rock minerals or decomposes them chemically. The action of water 
depends rather strongly on its pH. Pure water with pH 7 possesses 
a rather weak decomposing action, whereas both acid and alkaline 
solutions decompose minerals at a rate which is proportional to the 
difference between the pH of the solution and the pH of pure water. 
Oxygen, carbon dioxide, nitric acid, sulfuric acid, humic complexes, 
ammonia, and chlorides are the most important among the deconn 
position-promoting substances dissolved in natural waters. Also the 
action of organisms promotes the decomposition of rocks. Because 
pure water, which contains no dissolved substances, is slightly dis- 
sociated according to the equation 

HoO + OH- , 

the dissociated part thereof is chemically more active as a decompos- 
ing agent than is the undissociated part. 

The substances dissolved in water come from the atmosphere 
(chiefly oxygen, carbon dioxide, nitrates, and chlorides), from previ- 
ously weathered rocks (carbon dioxide and carbonates, sulfuric acid 
and sulfates, chlorides), from the decaying remains of organisms 
(nitric acid, nitrates, ammonia, carbon dioxide, humic complexes), 
and from volcanic emanations. 

The chemical processes taking place in weathering are rather com- 
plicated. They include hydration and hydrolysis, oxidation and re- 
duction, action of carbon dioxide (carbonation), and solution. 

In hydration, water is adsorbed on the surface of the mineral 
grains. The combination with water, as in the formation of gypsum 
from anhydrite, also belongs to this group. Often the first uptake of 
water is not connected with changes in the mineral structures, but 
finally the materials go into solution as ions or colloidal particles. 
Hydrolysis is closely associated with hydration. It was previously 
held that hydrolysis is the most important process in decomposition, 
but Correns and von Engelhardt (1939) showed that both acid and 
alkaline solutions possess a more strongly decomposing action than 
do neutral solutions. Therefore, the action of acids and bases in the 
weathering of silicate minerals is more important than hydrolytic 
decomposition is. 

Both inorganic and organic substances may cause oxidation. The 
organic oxidation is chiefly the result of bacterial decomposition and 
of respiration of higher organisms. The oxidation during weathering 
affects the cycle of many elements, e.g, carbon, nitrogen, phosphorus, 
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iron, and manganese. Moreover, the oxidation of sulfur compounds, 
e.g., of sulfide minerals, is geockemically highly important because 
sulfuric acid, which may form as an oxidation product, is a powerful 
decomposing agent and therefore promotes further weathering. 

Along with oxidation, numerous other chemical processes take 
place in the zone of weathering. They are chiefly connected with the 
biological activity of plants and micro-organisms, e.g., photosynthe- 
sis, putrefaction, and the action of sulfate- and nitrate-reducing bac- 
teria. Some of these processes are discussed in chapter 8 and in Part 
II of this book. Among the inorganic processes, those active in the 
zone of reduction of ore deposits and the reduction of sulfur to hydro- 
gen sulfide, along with a number of others, are of geochemical im- 
portance. 

TABLE 5.42 

Order of Rate of Loss of Chemical Constituents 
during Weathering, Assuming 
Alumina Constant 


Gneiss 

Diabase 

Amphibolite 

Na»0 

CaO 

CaO 

CaO 

MgO 

Na 2 0 

MgO 

K>0 

MgO 

KoO 

Na-0 

Fe 

SiO> 

Si0 2 

Si0 2 

AlsOa 

AlaOa 

ALOg 

Fe (gain) 

Fe (gain) 

EoO (gain) 

H 2 0 (gain) 

H 2 0 (gain) 

H 2 0 (gain) 


The role of carbon dioxide in weathering is very important. The 
increased effectivity of carbon dioxide-bearing waters, as compared 
with pure water, in attacking silicate minerals has been proved by 
experiment. According to Goldich (1938), the role of carbon dioxide 
may be chiefly in the reduction of alkalinity during the hydrolysis 
rather than in direct chemical action, but the results of Correns and 
von Engelhardt (1939) would seem to contradict this conclusion. 

During prolonged weathering all constituents of the minerals are 
ultimately lost, with the exception of water. The rate of loss depends 
on a number of factors, among which the composition of the rock and 
the climate are the most important. Goldich (1938) has given the 
order of the rate of loss of important constituents for three rocks in 
which the decomposition was found to be significant (Table 5.42). 
Goldich’s table and similar results obtained by other investigators 
show that the weathering processes operate with rather high uni- 
formity. 
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The rock-making minerals possess different degrees of stability 
against weathering. Thus, e.g., the rate of decomposition of olivine 
exceeds that of pyroxene in a normal igneous rock, and the mafic 
minerals decompose at a more rapid rate than do the felsic minerals. 
Goldich (1938) arranged the common rock-making minerals in two 
series according to increasing stability. This arrangement is shown in 
Figure 5.16, which illustrates the stability principle. Hypersthene is 
added, according to Pettijohn (1941). The arrangement actually is 
the same as Bowen’s reaction series (see under “ Chemical Differen- 
tiation of Igneous Rocks, 55 p. 157). The reaction series indicates the 


Olivine 

Calcic plagiodase 

Hypersthene 

Calc-alkaiic plagiodase 

Augite 

Alkali-calcic plagiodase 

Hornblende 

Alkalic plagiodase 

Biotite 


Increasing p otash fe | dspar 

stability 

Muscovite 

Quartz 

Fig. 5.16. — Stability of minerals in weathering 

stability of minerals during their crystallization from a melt, w r hereas 
Goldich 5 s series indicates their susceptibility to weathering. Minerals 
crystallized at the highest temperatures from the most anhydrous 
magmas are less stable against weathering under the conditions met 
on the Earth’s surface than are the minerals formed at low tempera- 
tures from the water-rich residual melts. According to Goldich 
(1938), the differential between the equilibrium conditions at the 
time of formation and those existing on the Earth’s surface during 
decomposition may, perhaps, govern the order of stability of the 
minerals. 

Pettijohn (1941) expanded Goldich’s stability series to a number 
of common constituents of sediments. The complexity of the heavy- 
mineral suites of arenaceous sediments increases with decrease in age 
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because the less stable species disappear by intra-strata! solution in 
the older deposits. The order of persistence found by Pettijohn is 
shown in Table 5.43. However, as Reiche (1945) points out, the 
equivalence of persistence and resistance to weathering is not demon- 
strated, even though the two phenomena, in general, must be closely 
related. 

TABLE 5.43 

Order of Persistence of Minerals 
Found in Arenaceous Sediments 

T Anatase 

Increasing tendency of formation Muscovite 

| Rutile 


Zircon 

Tourmaline 

Monazite 

(Quartz) 

Garnet 

Biotite 

Apatite 

Ilmenite 

Magnetite 

(Feldspar) 

Staurolite 

Increasing tendency of destruction Kyanite 

Epidote 

Hornblende 

Andalusite 

Topaz 

Spheixe 

Zoisite 

Augite 

Sillimanite 

Hyperstheixe 

Diopside 

Actinolite 

Olivine 

The solid products of completed weathering include materials 
which are stable under the conditions existing on the Earth s surface. 
Clay minerals, the hydroxides of ferric iron and aluminum, and their 
derivatives are the most abundant weathering products. However, 
the clay minerals may become decomposed, whereby sesquioxides of 
iron and aluminum are finally produced. 

SEDIMENTATION 

During chemical decomposition the rock minerals either go into 
ionic or colloidal solution or remain in situ in the form of weathering 
residues and of insoluble hydrolytic residues. The loose weathering 
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residues are transported and sorted by the action of wind, flowing 
water, ice, and organisms. Moreover, gravity and changes in tem- 
perature may cause transportation. The result of the transportation 
and sorting of weathered materials is the formation of a number of 
chemically and physically different continental and marine sedi- 
ments, such as gravel, sand, clay, calcareous mud, flocculated col- 
loidal ferric hydroxide, and precipitated water-soluble salts. Thick 
beds of these and other materials may become deposited in suitable 
environments, the most important of which are the basins of the 
seas and oceans. 

During the transportation the materials generally become sorted 
according to their particle size. The sorting also includes chemical 
separation. The coarse-grained particles with particle size in excess 
of 2 mm still mostly contain chemically unaffected rock and mineral 
material, i.e., mixtures of various elements. Quartz is a common and 
essential constituent in the fractions of grains with a diameter of 
2-0.02 mm. Concentration of silicon may consequently take place by 
a purely mechanical accumulation of the silica-rich fractions. The 
proportion of the newly formed aluminum silicates (see under “Hy- 
drolyzates,” p. 202) increases parallel with the decrease in particle 
size, and consequently the accumulation of pure clays is possible and 
leads to a concentration of aluminum. 

Formation of Sedimentary Rocks 

DIAGENESIS 

In the course of time changes may occur in the deposited loose 
sediments. They lead to the consolidation and recrystallization of the 
beds by diagenesis. Solutions circulate in pores between the mineral 
particles and in cracks and deposit various materials in the empty 
spaces. The particles are bound together, and the loose sediment is 
converted into a coherent solid mass. Thus a sedimentary rock is 
formed. 

The diagenetie changes start as soon as the sediment is deposited. 
Compaction, solution, recrystallization, replacements, formation of 
new minerals, and cementation take place in the sediments during 
diagenesis. Some of the diagenetie changes are expulsion of water, 
reduction of ferric to ferrous iron, formation of iron sulfides, and 
oxidation of organic matter. Calcium carbonate may become dolomi- 
tized, and silica may precipitate from circulating solutions. Aragonite 
converts into calcite, and gypsum is dehydrated or anhydrite is hy- 
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drated. In general, the mechanism and the causes of these and nu- 
merous other diagenetic changes are still very inadequately under- 
stood. 

Diagenetic changes are promoted by increase in temperature, 
which may be the result of the neighborhood of a hot magma mass, 
as in volcanic regions, radioactive decay, or the sinking of the mate- 
rial into the deeper layers of the uppermost lithosphere, owing to the 
weight of the superimposed beds. Increasing pressure also promotes 
diagenesis. Thus in diagenesis conglomerates are formed from gravel, 
sandstones from sand, shales and slates from clay, etc. 

Actually, all intermediate stages leading from diagenesis to meta- 
morphism are present, and no material difference exists between the 
two processes. Temperatures and pressures that do not bring about 
the solidification of sand and of calcareous mud produce typical 
metamorphic changes in salt deposits. Diagenesis includes changes in 
chemical composition, often due to the presence of organisms or their 
remains in the sediments. Changes in temperature and pressure may 
produce changes in solubility of the constituents of the sediments. 
The net result is recrystallization and cementation, combined with 
the migration of matter in an intergranular ionic diffusion or due to 
solution in interstitial liquids by which colloids may also be trans- 
ported. 

A number of sediments and their derivatives also form from the re- 
mains of organisms. Calcareous mud and ooze, peat, and guano, 
among others, belong to this group of sediments. Calcitic and dolo- 
mitic limestones, brown coal, coal, petroleum, phosphorite, and other 
rocks are formed from these sediments through diagenesis or decay 
and incoalation. 

Geochemical Classification of Sediments and 
of Their Derivatives 

A part of the products from the decomposition of rocks consists of 
solid particles which are transported to the loci of sedimentation or 
are deposited in the original seat of decomposition. Another part is 
present in solution either as ions or as colloidal particles and remains 
dissolved until a separation in proper surroundings takes place. 
Therefore, sediments often are divided into two classes, viz., sedi- 
ments of physical (mechanical) deposition or physical (mechanical) 
sediments and sediments of chemical deposition or chemical sedi- 
ments. Even though this classification is based on the manner of for- 
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mation of the sediments and may be used to characterize the sedi- 
ments according to viewpoints pertaining to their texture and com- 
position, it is geochemically inadequate. It must be noticed that the 
weathering products classified as physical sediments contain, along 
with chemically undecomposed material that occurs as relics in the 
sediment, substances that no longer represent the mineral structures 
frojp which they were produced during the decomposition. The new 
materials are often already formed in the original locus of decompo- 
sition. They, of course, differ chemically from the undecomposed 
weathering residues. In a similar manner, the chemical sediments 
contain substances which have different antecedents, even though 
they were precipitated or crystallized from aqueous solutions in the 
locus of deposition. 

Consequently, it is preferable, for geochemical purposes, to use 
another classification of the sediments. A classification based on 
geochemical principles was presented by Goldschmidt (19336, 1934, 
1945) . A modification of this classification, adopted for the purposes 
of this book, is the following: 

1. Resistates 

2. Hydrolyzates 

3. Oxidates 

4. Reduzates 

5. Precipitates 

6. Evaporates 

7. Bioliths 

A schematic diagram of the main chemical characteristics of classes 
1-6 of the sediments is presented in Figure 5.17, which is based on 
Goldschmidt’s (1934) diagram. 

The resistates, or residual sediments, consist of the chemically un- 
decomposed weathering residues. This class includes chemically re- 
sistant coarse- and medium-grained materials. Upon deposition and 
diagenesis, quartz and ilmenite sands, gravels, sandstones, arkoses, 
conglomerates, etc., are formed. 

The hydrolyzates consist partly of the chemically undecomposed, 
finely ground rock powder and partly of insoluble matter derived 
from hydrolytic decomposition during ^weathering. Bauxites, clays, 
shales, slates, etc., belong to this class. 

The oxidates form by the precipitation of Fe 3+ , Mn 3+ , and Mn 4+ 
ions as hydroxides. The deposition of the hydroxides is the result of 
198 



GEOCHEMISTRY OF THE LITHOSPHERE 

oxidation of Fe 2+ and Mn 2 ^ salts in the oxygen-rich surface waters of 
lakes and seas. Iron and manganese ores of sedimentary origin are 
members of this group. 

The reduzates are the opposites of the oxidates, inasmuch as they 
are formed in strongly reducing surroundings. Sulfides of sedimen- 
tary origin are often present in marine muds that are deposited in 
land-locked waters and in other places of poor circulation. _ 

The precipitates form by inorganic precipitation from aqueous 
solutions, i.e., when the solubility product of the dissolved compound 
is exceeded. Precipitation may result when temperature decreases 
(e.g., deposition of silica from hot springs) or when chemical changes 
take place (e.g., decomposition of calcium bicarbonate and the sub- 
sequent precipitation of calcium carbonate) . Marine, lacustrine, and 



Fig. 5.17. — Chemical characteristics of sediments formed during weathering, transporta- 
tion, and sedimentation. 

other deposits of inorganically precipitated calcium carbonate and 
magnesium carbonate are examples of the precipitates. 

The evaporates are those sediments which are deposited from 
aqueous solution as a result of extensive or total evaporation of the 
solvent. 

The bioliths, or organogenic sediments, will be discussed in chap- 
ter 8 because many bioliths cannot be included in the first six groups 
of sediments listed above. However, the bioliths often occur to- 
gether with the other sediments. Calcium carbonate of organic origin 
may occur along with inorganically precipitated calcium carbonate, 
and mud layers containing organic matter may be found in the 
company of clays. 

It must be emphasized that the geochemical division of the sedi- 
ments is not categorical. The sedimentation processes in Nature are 
continuous, and consequently the deposited sediments and their 
derivatives usually are mixtures of sediments belonging to two or 
three groups. Thus, e.g., clays may contain calcium carbonate and 
ferric hydroxide, or organic matter. Moreover, the boundary between 
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the precipitates and the evaporates cannot always be sharply deter- 
mined. 

RESISTATES 

The pure resistates represent the chemically unchanged residue 
from weathering. They are usually coarse grained and possess a more 
or less pronounced clastic texture. They are deposited in shallow 
water on the continental shelves, in lakes, and in the arid desert re- 
gions as boulders, gravel, and sand and are converted in diagenesis 
into conglomerates, graywackes, and various sandstones. A part of 
the fine-grained loess deposits also belongs to the resistates. Because 
chemical changes taking place during decomposition are never com- 
plete, the resistates contain the chief rock-making minerals of the 
original rocks. During weathering, however, those minerals which are 

TABLE 5.44 

Average Mineralogical Composition 
of Sandstones 

Constituent Per Cent by Weight 

Quartz (free silica) 66 .S 

Feldspar 11 .5 

Argillaceous matter 6 6 

Limonite 1 .8 

Carbonates 11.1 

Other minerals 2.2 

Total 100.0 

stable against chemical decomposition and mechanical wear will be- 
come enriched in the sediments. Quartz is the most important among 
such minerals. It is the predominating or nearly sole constituent of 
certain resistates, particularly of sandstones. The dark rock-making 
minerals, e.g., biotite, amphibole, and pyroxene, are readily decom- 
posed and consequently are impoverished in the resistates. Mus- 
covite shares their fate. 

The sandstones are, quantitatively, the most important resistates. 
Their average mineralogical composition, according to Clarke (1924), 
is presented in Table 5.44. 

The comparison of the mineralogical composition of the sandstones 
with the mineralogical composition of igneous rocks (see Table 5.16) 
at once reveals the strong enrichment of quartz in the sandstones. 
The feldspars are quantitatively far the most important rock-making 
constituents of igneous rocks, but in sandstones they occupy a sub- 
ordinate position. In arkoses, however, the feldspars occur as one of 
the predominating constituents. The amphiboles and pyroxenes, 
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which, on the average, are quantitatively more important constitu- 
ents in igneous rocks than quartz is, are nearly totally absent in 
sandstones. In a similar manner the micas do not occur among the 
typical constituents of the sandstones. Argillaceous material, limo- 
nite, and carbonate minerals, even though present in sandstones as 
cementing substances, are geochemically irrelevant to these rocks. 

Freise (1931, 1932) carried out experimental research on the abra- 
sion of minerals and rocks by flowing water. His results showed that 

TABLE 5.45 

Transportation Resistance of Minerals Compared 
with Transportation Resistance of 
Compact Hematite (ioo) 


Mineral 

Galena 


Relative Transpor- 
tation Resistance 

75 

Monazite 


105-130 

Orthoclase 


... 150 

Diopside . . 


. . ICO 

Quartz ... . 


245 

Olivine ... 


. .. . 250 

Zircon . . 


. . . 265 

xApatite . . . 


. . .. 273 

Xlmenite . 


325 

Sphalerite . . 


350 

Cassiterite . . 


360 

Almandite 


375 

Magnetite . . 


380 

Topaz 


390 

Staurolite ... 


420 

Augite 


420 

Wolframite 


450 

Rutile 


. . . . 455 

Chromite. . . 


. . 475 

Pyrite 


500 

Corundum (sapphire) 

. . . . 750 

Tourmaline . . . 


. . . 650-950 


in the disaggregating rocks the micas are consumed first, followed by 
feldspars and feldspathoids, amphiboles and pyroxenes, quartz, 
titanium minerals, and other accessory constituents. Freise (1931) 
also gave relative transportation resistance values for a number of 
minerals. The more important values are presented in Table 5.45. 

With the exception of monazite the accessory constituents, which 
have higher specific gravity than quartz and feldspar, have higher 
relative transportation-resistance values than do the two minerals. 
Therefore, by the action of wind, flowing water, and especially waves, 
they often become concentrated in bands and layers of varying thick- 
ness which may be used as technically valuable ores, such as the 
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monazite placers of Brazil and the cassiterite deposits of Malaya. 
Such stream, beach, and glacial deposits of heavy minerals often oc- 
cur in consolidated sandstones as well-preserved layers which may 
show local variations in their petrographic character. 

Freise (1932) found that basic rocks are much more readily worn 
by flowing water than are acidic rocks. Metamorphic rocks (schists), 
according to his experiments, were considerably more stable against 
stream abrasion than were igneous rocks of a similar mineralogical 
composition. The decomposing action of flowing water is nearly ex- 
clusively mechanical, and the chemical processes caused by dis- 
solved substances are commonly less important. 

HYDROLYZATES 

The argillaceous substances formed during weathering and other 
comparable substances are the foremost representatives of the hy- 
drolyzate sediments. The hydrolyzates are characterized by their 
occurrence as solid insoluble particles already in the site of weather- 
ing and by their transportation as suspended particles to the loci of 
sedimentation by the action of flowing water and of other geological 
agents. They differ from the resistates by their decidedly smaller 
particle size: often the hydrolyzate grains have the dimensions of 
colloidal particles. 

The petrographic study of the important hydrolyzates, viz., clays, 
bauxites, and laterites, has been greatly handicapped by their small 
particle size. It was previously held that the clays are chiefly com- 
posed of amorphous gels, which remain as insoluble products of hy- 
drolysis during the weathering. However, ever since the application 
of modern X-ray diffraction analysis and electron microscopic meth- 
ods to the study of clays, silts, and other hydrolyzate sediments, it 
is known that nearly all clays are composed almost entirely of crys- 
talline materials and that the amorphous gels play a subordinate role 
in their mineralogical composition. The crystalline clay minerals are 
the dominant constituents of clays. Among the clay minerals, only 
allophane is amorphous. It is well to remember that gels and col- 
loidal particles are not necessarily amorphous substances. A colloidal 
particle may have an organized crystal structure, and therefore it 
must be considered a mineral. 

The clays consist of residual mineral particles or of the chemical- 
ly unchanged weathering residues, of the clay minerals proper that 
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are formed during weathering, of biogenic matter, and of minerals 
formed In the sediment after its deposition. 

Quartz Is the foremost weathering residue of the argillaceous sedi- 
ments. It is commonly rather abundant. Feldspar is present in no- 
table amounts, and micas and sometimes primary calcite may be 
found as weathering residues. 

The siliceous and calcareous tests of organisms and organic matter 
represent biogenic material in the hydrolyzates. 

The minerals formed after the deposition of the hydrolyzates in- 
clude, among others, pyrite, glauconite, dolomite, and ferroniagne- 
site (breunnerite, mesitite), (Mg,Fe)C0 3 . These minerals are of sec- 
ondary origin, and their formation is a part of the diagenetic proc- 
esses. 

The clay minerals are, geochemically, the most important con- 
stituents of argillaceous sediments. As products formed in hydroly- 
sis, they either are totally irrelevant to Igneous rocks or form therein 
only under special circumstances, e.g., under hydrothermal condi- 
tions. So far, the classification of the clay minerals cannot be con- 
sidered final, the reason being that their identification by means of 
the commonly used petrographic methods is impossible because of 
their small particle size. Therefore, their identification is carried out 
chiefly with X-ray diffraction studies and electron microscopy. The 
former method also allows the semiquantitative determination of the 
mineralogical composition of mixtures of clay minerals. However, the 
studies are handicapped by the fact that many structurally different 
clay minerals have similar bulk composition and that some clay min- 
erals with different bulk composition have nearly analogous crystal 
structure and therefore cannot be distinguished from one another by 
means of their X-ray diffraction patterns. The following clay min- 
erals have been Identified In argillaceous sediments : 

a) Kaolinite group 

Kaolinite, dickite, nacrite, Al 4 [(OH)siSi 4 Oi Q ] 

Anauxite, AloCV 3Si0 2 “ 2H 2 0 

b) Montmorillonite group 
Montmorillonite, A 1 2 [ (OH) 2 1 SiUOio] * nH 2 0 
Beidellite, Al 2 [(OH) 2 j AlSi 3 0 9 0Hj * nH 2 0(?) 

Nontronite, Fe^l (OH) 2 1 SI 4 O 10 ] * uH 2 0 

c) Hallovsite-metahalloysite group 
Halloysite, Al 4 [(OH) s | Si 4 O 10 ] * 4H-0 
Metahalloysite, Al 4 [(OH) & j Si 4 Oio] 

d) Illite group 

Ulite (bravaisite), approximately 2K 2 0*3(Mg,Fe)0*S(AI,Fe) 2 03* 24SiO«* U2H 2 0 
Glauconite, K 2 _3(Mg,Fe 2 “bCa)i-3(F e 3+ , Al) 3 - 6 [(OH) s [ AU-sSiia-iiOw] 
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e) Magnesium-rich clay minerals 

Sepiolite, Mg 3 [(H 2 0) 3 1 SiA,] * HA?) 

Attapulgite, Mg a 5 H[(H 2 0 ) 3 1 Si 4 O n ]’ H 2 0 
/) Allophanes 

Allophanite, xAI 2 0 3 * yS i0 2 * zH 2 0 
g) Chloritic mica 
k) Oxides and hydroxides 

Hydrargillite (gibbsite), 7~A1(0H) 3 

Diaspore, a-AlOOH 

Boehmite, 7 -AIOOH 

This list shows that hydrous aluminum silicates predominate among 
clay minerals. Moreover, it must be noticed that the clay minerals 
may contain calcium and magnesium (montmorillonite, beidellite; 
because the position occupied by Mg 2+ and Ca 2+ in the structure is 
still unknown, these metals were not considered in the formulas given 
above), ferric iron (nontronite), and magnesium (sepiolite, attapul- 
gite). In the montmorillonite group, Al 3+ is known to be replaced by 
Mg 2+ , Fe 3+ , and Cr 3+ , and small quantities of Li + , Mn 2+ , and Ni 2+ 
may also be present. 

The groups of major importance among the clay minerals are the 
illite group, the montmorillonite group, and the kaolinite group. The 
other groups are of minor importance as constituents of clays. The 
magnesium-rich clay minerals are, so far, relatively little known. 
Dickite, nacrite, and anauxite of the kaolinite group are rare con- 
stituents of clays. 

Illite is the most abundant clay mineral of recent marine sedi- 
ments, whereas kaolinite is somewhat less "widely distributed and 
montmorillonite is only a minor constituent. In sedimentary clays 
either kaolinite or illite may dominate. Montmorillonite and halloy- 
site occur as accessory constituents. Illite usually predominates in 
shales of marine origin, in the argillaceous material of till and loess, 
and in many soils. The montmorillonite group is abundant in many 
bentonite clays, which are formed by the alteration of glassy volcanic 
ash. 

Kaolinite probably is the most stable of the clay minerals. The 
formation of kaolinite or of montmorillonite and beidellite during 
weathering seems to depend on the order of breakdown of minerals 
in the parent-rock (Ross, 1943). If the ferromagnesian minerals and 
the feldspars are decomposed simultaneously, ferrous and ferric iron, 
magnesium, alumina, and silica will be released, and the formation 
of montmorillonite or beidellite follows. If the ferromagnesian min- 
erals break down first, magnesium is removed in solution and iron 
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either removed or precipitated as hydroxide or oxide under extremely 
oxidizing conditions. When the feldspars decompose, no magnesium 
and iron are available, and kaolinite will fo rm , Moreover, kaolinite 
forms when leaching is effective and weathering is thorough, whereas 
montmorillonite results in soils in which drainage is poor and oxida- 
tion restricted. Raolinite forms both under oxidizing and reducing 
conditions, in the presence of organic matter, such as humic com- 
plexes, and in the presence of organic acids. According to Ross 
(1943), it is evident that the removal of magnesium, calcium, the al- 
kali metals, and ferrous iron by the action of acid solutions and of 
organic compounds is the essential factor in the formation of kaolin- 
ite. The presence of ferrous iron in the weathering solutions favors 
the formation of montmorillonite, but, if iron is removed or oxidized, 
the effect is destroyed. 

Clay minerals also occur in hydrothermal veins and mineral de- 
posits. Members of the kaolinite, illite, and montmorillonite group 
have been found in such formations. The formation of clay minerals 
under hydrothermal conditions depends on the pH of the solutions; 
it is discussed in chapter 17. 

The chemical composition of the various clay minerals is presented 
in Table 5.46, which is based on the collection of analyses published 
by von Engelhardt (1937) and by Grim, Bray, and Bradley (1937). 
The analyses give the composition of pure samples of the clay min- 
erals. 

The crystal structure of some clay minerals (silicates) is schemati- 
cally presented in Figure 5.18. The structure of muscovite is present- 
ed for comparison. Anauxite differs from kaolinite chemically by its 
higher silica content, but its structural details are still unknown. This 
is the case also with beidellite, which, however, may structurally re- 
semble montmorillonite. According to Grim (194 v 2), beidellite is a 
mixture of montmorillonite and limonlte. All members of the mont- 
morillonite group have an expanding structure. Metahallovsite is 
formed by the dehydration of halloysite. Structurally, it rather close- 
ly resembles kaolinite. The structures of clay minerals rich in mag- 
nesium are still incompletely known. They probably have a fibrous, 
instead of a sheet, structure. The structure of illite is similar to that 
of montmorillonite, but in illite about 15 per cent of the Si 4 ~ ions are 
replaced by Al 3+ , and E> ions enter between the sheets of two neigh- 
boring units to compensate for the excess negative charge. Therefore, 
the structure of illite is similar to that of muscovite. The illites differ 
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chemically from muscovite only by their lower alkali content and 
higher water content. 

The clay minerals rich in magnesium are structurally inadequately 
known. All the other silicate constituents of clays have typical sheet 
structures. With the exception of illite, they differ from mica in so 
far as their structural sheets are not connected by means of cations, 
such as the potassium ions in muscovite. Therefore, it follows that 
the bond between the sheets in clay minerals is weaker than in the 

TABLE 5.46 

Chemical Composition - of Some Clay Minerals from the United States 
(Composition Given in Per Cent by Weight) 


Constit- 

uent 

Kao- 

linite, 

Staten 

Island, 

N.Y. 

Anauxite, 

Moke- 

lumne 

River, 

Lancha 

Plana, 

Calif. 

Mont- 

moril- 

lonite, 

Pala, 

San 

Diego 

Co., 

Calif. 

Beidel- 

lite, 

Beidell, 

Saguache 

Co., 

Colo. 

Non- 
tronite. 
Woody 1, 
Calif. 

Halloy- 

site. 

Hickory, 

N.C. 

Metahal- 
Ioysite, 
Brandon, 
Rankin 
Co , 
Miss. 

Illite, 

Gilead, 

Calhoun 

Co., 

111. 

Attapul- 

gite, 

Attapul- 

gus, 

Ga. 

S 1 O 2 

ALOs. . . 

Fe20 3 

EeO 

MnO. . 

MgO 

CaQ. . . . 
NaaO. . . . 
KoO .... 
HaO+... 
H 2 O-. . 

m. . . . 

46 44 
36 36 
1.25 
n.d. 

0 03 

0.18 i 
0.28 
0.42 
1.50 
11.46 
0.69 
0.84 

52.46 
32 20 
1.69 
n.d. 
n.d. 

0 00 

0 03 

0 25 

0 31 
12 07 
1.38 

0 55 

50 06 
21 32 

0 22 
trace 

0 13 

4 42 
1.26 

0 33 
0.19 

pi . 62 

trace 

47 2S 
20.27 

8 68 
n.d. 
n.d. 

0 70 
2.75 
0.97 
trace 

)l9 72 
n.d. 

47 51 
0.37 
35 17 
0.00 
n.d. 

1 40 

2 50 

0 09 

0 06 

5 90 

7 16 

0 00 

44 08 
39 20 

0 10 
n.d. 
n.d. 
n.d. 
n.d. 

0 20 
n.d. 

jl6 18 

n.d. 

44 68 
38 59 

0 39 
n.d. 
n.d. 

0 08 

0 18 

0 11 

0 05 
14 90 

1 55 
n.d. 

50 10 
25.12 

5 12 
1.52 
n d. 

3.93 
0.35 

0 05 

6.93 

| 6.82 
0.50 

51.28 
10.56 
6 76 
n.d. 
n.d. 
10.40 
1.44 
n.d. 
n.d. 

j20 . 28 

n.d. 

Total 

99.45 

! 

100 94 

99.55 

100 37 

1 

100 16 

99 76 

100 53 

100.44 

100 72 


micas. This conclusion explains their eminent cleavage parallel to 
the basal plane, which seems to be still more easy than in the micas. 
The perfect cleavage may also partly explain the observation that the 
clay minerals never are found as large crystals. Because the bond be- 
tween the sheets is relatively weak, the structure cannot attain large 
dimensions in the direction of the c-axis but breaks down rather 
readily. The weakness of bond between the sheets is further dis- 
played, in the montmorillonite structure, by the observation that the 
distance between two adjacent layers is not a structural constant 
but may increase or decrease according to the tension of water vapor. 
Consequently, water molecules are added to, or removed from, the 
space between the layers in the structure. Therefore, the structure as 
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a whole may expand or contract in the direction of the c-axis, and this 
phenomenon evidently is one of the causes of the hygroscopic proper- 
ties of montxnorillonite . The eminent cleavage of the clay minerals 
materially promotes their abrasion during transportation and conse- 
quently is a partial cause of their extremely small particle size in 
sediments. 

Among the rock-making minerals of igneous rocks the feldspars 
are quantitatively the most important, and the same conclusion fol- 
lows for the uppermost parts of the lithosphere in general. The feld- 
spars, moreover, contain the bulk of aluminum present in igneous 
rocks. Consequently, the manner of decomposition of the feldspars 
must be known, in order that the processes leading to the formation 
of clay minerals may be understood. Correns and von Engelhardt 
(1939; von Engelhardt, 1939) show 7 ed that the feldspar is completely 
dissolved as ions, during weathering by the action of solutions with 
pH 3-11 which are found in Nature. The alkali metals and calcium 
are first extracted, and an extremely thin layer, enriched in silica and 
alumina, remains on the surface of the feldspar grains, but this layer 
also gradually goes into solution. Along with the ions, the weathering 
solutions may contain very small ion-like complexes, but definitely no 
colloidal particles. At elevated temperatures (tropical weathering) 
the feldspar dissolves in a neutral solution (pH 6-7) more rapidly 
than at lower temperatures, but no other differences exist in the 
solution process. Later research on leucite and tremolite has shown 
that their decomposition is similar to that of the feldspars. The ionic 
solutions may give rise to new minerals : aluminum and silica react 
with each other, and clay minerals are formed. Contrary to previous 
belief that the clay minerals are undissolved weathering residues, the 
results of Correns and von Engelhardt show that the clay minerals 
actually are generated as the result of the reaction between Si 4+ and 
Al 3+ ions in the extremely dilute weathering solutions. However, the 
mica-like clay minerals may, perhaps, form by the incomplete extrac- 
tion of alkali metals from micas, and then the original micaceous 
structure has remained as a relic. 

The weathering processes resulting in the formation of clays are 
characterized by the leaching-out of the alkali metals, particularly 
of sodium, of calcium, and of a part of magnesium. The impoverish- 
ment in these metals also characterizes the argillaceous sediments in 
general. Some analyses of clays and of their derivatives are presented 
in Table 5.51. 
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Unlike the argillaceous sediments, the laterites and bauxites are 
decidedly impoverished in silica. Along with the alkali metals, calci- 
um, and magnesium, silica is nearly completely leached out, and 
chiefly ferric hydroxide and aluminum hydroxide remain in the sedi- 
ments that show varying Fe : A1 ratios. The laterites are typical prod- 
ucts of tropical and subtropical weathering. Often they cover exten- 
sive areas and occur in situ on the weathered rock. However, there 
are also transported laterites which always contain finely ground 
quartz particles and clay minerals. Like the argillaceous sediments, 

TABLE 5.47 

Changes in Chemical Composition during Weathering in 
Temperate and Tropical Zones 
(Composition Given in Per Cent by Weight) 


Constituent 

Dolerite 

Row ley Regis, South 
Staffordshire, England 

Dolerite 

Western Ghats, 

Bombay, India 

Fresh Rock 

Overlying 

Clay 

Fresh Rock 
from Poonah 

Overlying 
Laterite from 
M ah abaleshw ar 

Si0 2 ... 

49 3 

47 0 

50.4 

0 7 

A1 2 0 3 

17 4 

IS 5 

22 2 

50 5 

Fe 2 O s ... 

2 7 

14 6 

9.9 

23 4 

FeO . 

8 3 


3.6 


MgO 

4 7 

5.2 

1 5 


CaO 

8 7 

1 5 

8.4 


Na 2 0 

4 0 

0 3 

0.9 


KoO . . . 

1 8 

2 5 

l.S 


H 2 0 

2.9 

7.2 1 

0.9 

25.0 

Ti0 2 . . . 

0.4 

is | 

0.9 

0 4 

P 2 0 5 

0 2 

0 7 1 


1 

l 

Total 

100 4 

99.3 

100 5 

100 0 


which are characterized by clay minerals, the laterites and bauxites 
contain characteristic minerals, mainly hydrous oxides of ferric iron 
and aluminum. So far these minerals are still less known than the 
clay minerals. They include hydrargillite, diaspore, and boehmite. 

The differences between the weathering processes leading to the 
formation of clays and laterites are illustrated by the analyses of two 
chemically closely similar rocks and their weathering products, given 
in Table 5.47, according to Warth (1905). 

The process of primary lateritization is followed by the addition of 
silica, whereby many laterites change into quartziferous and impure 
kaolins. Only in areas with high rainfall and good drainage are the 
laterites permanent. 


209 



GEOCHEMISTRY 

The role of amorphous gels as constituents of laterites is negligible, 
just as it is in argillaceous sediments. Their content is small compared 
with the content of the hydrous oxides. Many of the hydrous oxide 
minerals resemble structurally the silicate minerals of the hydroly- 
zates, inasmuch as they have more or less flaky structures. 

SOILS 

Soils are composed of inorganic and organic materials. They occur 
on the surface of the Earth and support the continental plant life. 
The character of the soil depends on the nature of the weathering of 
their substratum, which is the surface of the lithosphere. Conse- 
quently, physical, chemical, and biological processes are active in the 
formation of soil. 

Moreover, the general nature of the soil depends on climate, relief, 
organisms, and time, whereas the parent-material seems to be of less 
importance. In a temperate humid climate the uncultivated soil 
usually consists of a thin layer of plant remains, which is underlain 
by a layer of mineral and organic matter called the topsoil. Below- is 
a layer developed by the action of micro-organisms in the overlying 
horizons. The humic complexes and the organic compounds produced 
by the micro-organisms and dissolved in rain water have leached out 
compounds of iron and aluminum. Clay minerals are also transported 
downward by the plentiful percolating solutions, and a layer relative- 
ly rich in silica is thus produced. The iron and aluminum compounds, 
the dissolved silica, and the organic colloids are redeposited in the 
lower zone, which is called the horizon of accumulation; but the read- 
ily soluble sodium, calcium, and magnesium salts and colloidal silica 
are removed by ground water. Much potassium and some magnesiun 
are retained by the clay minerals in the horizon of accumulation. The 
kaolinite group normally predominates among the clay minerals of 
soil. 

The migration of some elements in forest soil is discussed in chap- 
ter 8. The soils formed by the processes described above are called 
podzolic soils and the process itself is called podzolization, wdiich is 
the normal soil-making process in a temperate humid climate in the 
presence of forest vegetation. 

Another type of soil occurs in dry plains. In this type the topsoil 
is rich in organic matter, and the zone of accumulation below does 
not materially differ from the topsoil, because the amount of rainfall 
is low and the rate of evaporation is high, and consequently the 
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amount of leaching caused by percolating solutions is negligible. Only 
the most soluble compounds of the alkali metals are removed, where- 
as the alkaline-earth metals remain as carbonates. In this type of soil 
the partial decomposition is followed by deposition of calcium car- 
bonate and of some magnesium carbonate in the zone of accumula- 
tion, often in the form of concretions. The process is called calcifica- 
tion. It occurs mainly in the presence of a grass or brush vegetation 
in a relatively dry climate and at temperatures high enough to assure 
the destruction of the plant remains at a comparatively rapid rate. 
The rate of chemical weathering within the soil is rather low. Soils 
of this type include the caliche and chernozem soils. The latter are 
believed to be the most fertile natural soils. They occur in the plains 
of Russia and of America. 

Still another group of soils is formed as the product of weathering 
in a subtropical and tropical climate. The rate of chemical weathering 
is high, the plentiful rains remove most of the products formed, and 
consequently very little material actually is deposited in the horizon 
of accumulation. The thickness of the weathered zone may be as high 
as 25 meters. Notwithstanding the thriving vegetation, micro-or- 
ganisms decompose the plant remains at a rapid rate, most of the 
humic compounds are oxidized to carbon dioxide, and therefore very 
little organic matter accumulates, facilitating the solution of iron and 
aluminum compounds. Silica goes readily into solution, whereas the 
iron and aluminum compounds accumulate on the surface of the soil. 
Red lateritic soils are formed by these processes, which are called 
lateritization. The manner of lateritic weathering varies from place 
to place, and its details are still incompletely understood. 

Clays, consisting chiefly of kaolinite, are in many places the stable 
end-products of weathering under tropical conditions, but often the 
clay minerals decompose, and hydroxides or oxides of ferric iron or 
aluminum, or both, accumulate. The degree of enrichment of iron in 
the laterite soils may be high enough to result in the formation of 
workable ores. 

Lateritization is not totally confined to tropical climates. Poor 
drainage in temperate zones may cause local accumulation of alumi- 
num hydroxide in soil. The terra rossa soils, which consist of ferric 
oxide, al um in um hydroxide, and relatively large amounts of alkaline- 
earth compounds and which occur in the Mediterranean countries, 
may be comparable to the laterites, because the accumulation of 
humic matter is prevented by the hot, dry summers (Reiche, 1945). 
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Along with climate and vegetation, the chemical composition of 
the parent-material to some extent determines the properties of the 
soil. This material may be residual, lying in situ on the disintegrating 
rocks, or it may be transported by the action of various geological 
agents. 

The inorganic constituents of soil, or the soil minerals, consist of 
the un weathered remains of the disintegration of the parent-rocks or 
of the original transported material, along with a number of decom- 
position products. Quartz, clay minerals, limonite, and hematite are 
the most important mineralogical constituents of soil. Carbonate and 
sulfate minerals may also be present except in areas of considerable 
rainfall. 

Clay minerals make up an essential part of soil. Their base-ex- 
change capacity (see below) affects the fertility of the soil. The high 
replaceability of Ca 2+ provides a readily available source of calcium 
in soils containing minerals of the montmorillonite group. Kaolinite, 
illite, and probably halloysite occur in soil, along with montmoril- 
lonite. Some soils contain several clay minerals, whereas others show 
a tendency to be monomineralic. 

Organic matter greatly affects the physical properties and the fer- 
tility of soil. Moreover, it is the cause of the reducing capacity of 
soil, the prime result of which is the reduction of ferric to ferrous iron 
and the solution and removal of a number of elements, such as iron, 
manganese, and aluminum, as humic complexes. Consequently, or- 
ganic matter affects the weathering and transportation of the inor- 
ganic constituents of soil. 

Among the organic constituents of soil the humic complexes are the 
most important. Humus, however, belongs to the biosphere and con- 
sequently will be discussed in chapter 8. Living organisms also play 
an important role in soil processes and may modify the chemical 
composition of the soil in an indirect way; for example, micro-organ- 
isms affect the cycle of oxygen, nitrogen, and sulfur in soil. 

It should be noted that many sediments obtain a part of their 
material from the soil. 

OXIDATES 

The oxidates are sediments formed by oxidation. Unlike the re- 
sistates and hydrolyzates, which are transported as particles of vary- 
ing size that are suspended in solution or by other means, the oxi- 
dates are formed from material carried in ionic or colloidal solution 
to the site of deposition, where oxidation takes place. The material 
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of the oxidates is carried partly in ground water, partly by surface 
waters. The hydroxides of ferric iron and of manganese form the bulk 
of the oxidates. These hydroxides are precipitated in lakes and shal- 
low bays and sometimes even on the bottom of the open ocean. 

Natural waters contain iron either as ferrous bicarbonate, 
Fe(HC0 3 )2, and ferric fluoride, FeF 3 , 5 which are rather incompletely 
dissociated compounds, or as colloidal ferric hydroxide and ferric phos- 
phate. Ferrous bicarbonate is readily soluble, but in the presence of 
molecular oxygen it is promptly oxidized, and ferric hydroxide pre- 
cipitates. Colloidal ferric hydroxide, on the other hand, is rather 
stable in solution, and its stability is further increased by the pres- 
ence of suitable protective colloids. In oxygen-bearing waters the 
substances acting as protective colloids are gradually oxidized, and 
ferric hydroxide precipitates. The precipitation of iron as ferric hy- 
droxide may also start when the protective action of the colloids de- 
creases or ceases altogether, as the solutions enter surroundings rich 
in dissolved electrolytes. The precipitation of iron may be inorganic, 
but it may also take place under the direct or indirect action of micro- 
organisms. The precipitation of manganese as hydroxide is largely 
similar to the precipitation of iron. 

Iron and manganese ores of sedimentary origin are the most im- 
portant representatives of the oxidates. Goethite, a-Fe 3 ~OOH, is the 
chief mineral of the iron-rich oxidates, whereas lepidocrocite, 
7 -Fe 3+ OOH, hematite, magnetite, and silicate minerals of iron are 
rarer constituents (see chap. 33). The silicates have a mica- or chlo- 
rite-like structure, which so far is unknown in details. Cronstedtite, 
Fe 4 + Fe 2 + [(OH)s|Fe 2 + Si 2 Oio], which resembles kaolinite structurally, 
is also present in the iron ores of sedimentary origin. The oxide ores 
of manganese contain trivalent and quadrivalent manganese as hy- 
droxide or oxide, but their constituent minerals still are largely un- 
known. 

The cycle of manganese and iron, respectively, and the formation 
of their oxidate deposits are treated in chapters 31 and 33. 

Two analyses of oxidate sediments, according to Clarke (1924), 
are presented in Table 5.48. 


REDUZATES 

Coal and petroleum, which are organogenic sediments and will be 
treated in chapter 8, are the most important reduzates. The reduzates 
also include a number of muds which are deposited in water and con- 
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sist essentially of hydrolyzate and oxidate material and of organisms 
and their remains in a state of decomposition and decay. The forma- 
tion of mud requires the presence of reducing environments in which 
the organic matter cannot completely oxidize. Reducing surround- 
ings may become established where the currents carrying oxygen- 
bearing surface water do not reach the bottom or where the surface 
waters have been deprived of their oxygen by biological activity. The 
reduzate muds are characterized by their considerable sulfur content. 

TABLE 5.48 
Analyses of Oxidates 

(Composition Given in Per Cent by Weight) 


Constituent 

Limonite (Bog 
Iron), Mitta- 
gong, 
Australia 

Wad (Bog 
Manganese), 
Roman&clie, 
France 

FeA 

65 S4 


A1 A . . 

4 49 

j I 10 

Mn0 2 . . 

n.d. 

64.98 

MnO 

1 40 

7 27 

MgO 

0 48 

trace 

CaO 

trace 

1 65 

BaO 

n.d. 

15 45 

PbO 

n.d. 

0 30 

CuO, ZnO, CoO . . 

n.d. 

trace 

NaoO 

n.d. 

0 80 

K«0 

n.d. 

trace 

H 2 0+ 

10 86 

l r AO 

H 2 0- 

2 30 

/ 0 uu 

Si0 2 

14.27 

0.80 

PA 

0.25 

0 05 

AS 2 O 5 . .* 

n.d. 

0 60 

S0 3 

0.11 

n.d. 

CaSO.{. . 

n.d. 

0 40 

Insoluble 

n.d. 

1 40 

Total 

100 00 

99 80 


The scarcity or total absence of oxygen has prevented the oxidation 
of sulfur to sulfate, and therefore free hydrogen sulfide is present in 
the deep waters. Hydrogen sulfide precipitates a number of sidero- 
phile and chalcophile metals as sulfides. Iron is precipitated either as 
monosulfide or as disulfide. The iron sulfides are present in the sedi- 
ment as finely divided pyrite and marcasite or as melnikovite, a 
cryptocrystalline pyrite. The sulfur of the reduzates is partly derived 
from the sulfoproteins present in the organic matter when the re- 
mains of the organisms decay and partly produced by the reduction 
of soluble sulfates of sea water and of insoluble sulfates of the sedi- 
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ments by the action of sulfur bacteria. Analyses of some reduzates 
are presented in Tables 8.7 and 8.9. 

PRECIPITATES 

The precipitates are formed in aqueous solutions when the solu- 
bility product of one or several of the dissolved constituents is ex- 
ceeded for other reasons than the evaporation of the solvent. The 
material of the precipitates, like the material of the oxidates, is origi- 
nally dissolved in water, but in the case of the precipitates the solu- 
tion always is an ionic solution and never a colloidal one. The most 
important precipitates are essentially carbonates of calcium, mag- 
nesium, and iron. Impurities consisting of resistates (sand) and 
hydrolyzates (clay) are commonly met in the precipitate beds. 

The precipitates are partly marine, partly continental in origin. 
Their predominant constituent is calcium carbonate, which occurs in 
Nature in four different forms, viz., as calcite, aragonite, vaterite 
(/i-CaC0 3 ), and amorphous carbonate. Under atmospheric pressure 
calcite is the stable form, and the other modifications are gradually 
converted into calcite. The bulk of the carbonate sediments consists 
of calcite, but these sediments may also contain small amounts of 
aragonite, formed either by inorganic precipitation or by the action 
of organisms. So far, it is unknown whether calcium carbonate origi- 
nally may become deposited as vaterite, which later would be con- 
verted into aragonite or calcite. Vaterite, however, is reported to 
occur in the skeletons of some gastropods. 

The continental calcareous precipitates include calcium carbonate 
precipitated in lakes and the calcareous tufas and sinters and the 
travertines deposited by hot springs. It is evident that the sediments 
deposited by' hot springs must be considered precipitates unless they 
are formed by the extensive evaporation of volcanic solutions. Thus 
many borate deposits belong to this group, even though their boron 
in some cases may derive from weathering solutions. 

Calcium carbonate deposited in lakes and around springs is formed 
as a result of the escape of carbon dioxide from the water, whereby' 
the solubility of calcium carbonate decreases. The loss of carbon di- 
oxide may be the result of the release of pressure when the water 
reaches the surface, of an increase in temperature, of agitation, or of 
the biological activity of green plants. The marine carbonate sedi- 
ments are deposited either by' a purely' chemical precipitation from 
saturated or supersaturated sea water or by the accumulation of cal- 
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careous shells and skeletons of lime-secreting marine organisms. 
Quantitatively, the marine calcium carbonate sediments far exceed 
the terrestrial ones. The formation of the calcareous sediments is dis- 
cussed in chapter 15. 

A notable part of the precipitates consists of dolomite, CaMg[C0 3 ] 2 . 
Structurally, dolomite differs only slightly from calcite: the posi- 
tions of the Ca 2+ ions in the calcite structure in dolomite are alter- 
nately occupied by Ca 2+ and Mg 2+ ions. The Mg 2+ ion may be partly 
replaced by Fe 2+ , from which ankerite, Ca(Mg,Fe)[C0 3 ] 2 , results. 
Ankerite forms isomorphic mixtures with dolomite. All gradations 
probably exist between pure calcitic limestones and pure dolomites. 
As much as 25 per cent MgC0 3 may be present in the tests and skele- 
tons of lime-secreting organisms, but a notable part of the dolomitic 
limestones has been formed from calcitic limestones through the 
metasomatic addition of magnesium. The dolomitization begins in 
the sea, where it is caused by the magnesium salts dissolved in sea 
water. The process continues during diagenesis and takes place still 
later, when the carbonate sediments are no longer directly connected 
with sea water. The possibility cannot be excluded that dolomite may 
form by direct precipitation in the sea. The relatively common oc- 
currence of dolomite in Nature is in full agreement with the thermo- 
chemical observation that dolomite is stable in the conditions met in 
Nature, whereas the corresponding mixture of calcite and magnesite 
is unstable. Magnesite, MgC0 3 , does not commonly form independ- 
ent sediments, but siderite, FeC0 3 , is deposited in the absence of 
oxygen. However, geochemically the siderite sediments are relatively 
unimportant. Other minerals formed by precipitation under reducing 
conditions include ferromagnesite, (Mg,Fe)C0 3 , pyrite and mar- 
casite, FeS 2 , hydrotroilite, FeS -nH 2 0, and melnikovite, the crypto- 
crystalline pyrite. They are present in certain types of marine sedi- 
ments. 

Siliceous sinter or geyserite is precipitated from the waters of hot 
springs. It is commonly suggested that most chert and flint bodies are 
precipitated inorganically near the inlets of rivers into the sea. How- 
ever, in sea water the flocculation of the extremely diluted silica sols 
is impossible, and consequently the inorganic origin of siliceous de- 
posits in the sea under normal conditions seems to be excluded. The 
siliceous sediments formed by the deposition of the silica shells of 
diatoms are comparable in origin with the organically precipitated 
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carbonate sediments. The accumulation of the diatom tests may pro- 
duce technically valuable diatom oozes and diatomite deposits. 

Most of the phosphate sediments are precipitated through organic 
agencies, but some calcium phosphate is formed by inorganic pre- 
cipitation, probably when calcium carbonate or calcium fluoride is 
present. Collophane, the microcrystalline carbonate-fluorapatite, and 


TABLE 5.49 

Analyses of Some Precipitates 
(Composition Given in Per Cent by Weight) 


Constituent 

Travertine, 
Terrace Moun- 
tain, Mammoth 
Hot Springs, 
Yellowstone 
Nat’l Park, 
Wyoming, 
U.S.A. 

Geyserite 
Incrustation, 
Giant Group, 
Upper Basin, 
Yellowstone 
NatT Park, 
Wyoming, 
U.S.A. 

Iron Carbonate, 
Sunday Lake, 
Michigan, 
U.S.A. 

| 

Oceanic Phos- 
; phatic Concretion 
! from a Depth of 

1 1,900 Fathoms, 

; Challenger 

Expedition 

Si0 2 

0 09 

72.25 

28. S6 

2 56 

AlaQj 


10 96 

1.29 

1 43 

Fe 2 (>3 

> u . 11 

0.76 

1.01 

2 79 

FeO 

n.d. 

0.31 

37.37 

n.d. 

MnO 

n.d. 

n.d. 

0.97 

n.d. 

MgO 

0 35 

0.10 

3.64 

j 0 83 

CaO 

55.37 

0 74 

0.74 

! 40 95 

Na 2 0 

n.d. 

3 55 

n.d. 

; n.d. 

K 2 0 

0.04 

1.66 

n.d. 

| n.d. 

NaCl 

0.10 

0.36 

n.d. 

! n.d. 

S0 3 

0.44 

0.45 

n.d. 

1.39 

C0 2 

43.11 

n.d. 

25.21 

| 10 64 

C 

n.d. 

0.20 

n.d. 

j n.d. 

Ti0 2 

n.d. 

n.d. 

0.20 

j n.d. 

P 2 0 5 

s n.d. 

n.d. 

n.d. 

23.54 

H,0. 

0.32 

9 02 

0.6S 

1 3 65 

C, organic 

0.17 

n.d. 

n.d. 

! n.d. 

Insoluble residue ... . 

n.d. 

n.d. 

n.d. 

11 93 

Total 

100.10 

100 36 

99 97 

I 

| 99 71 


dahllite (oxyfrancolite) are the chief phosphate minerals present in 
marine phosphate nodules (see chap. 24). 

Native sulfur is sometimes precipitated inorganically in marine 
sediments. The sulfates barite, BafSOJ, and celestite, Sr[S0 4 ], and 
the carbonates witherite, BaC0 3 , and strontianite, SrC0 3 , are of 
minor geochemical importance as precipitates. Authigenic feldspars, 
tourmaline, and other minerals found in sediments may also be con- 
sidered precipitates, but their geochemical significance is small. 

Analyses of some precipitates are presented in Table 5.49 and are 
taken from Clarke (1924). 
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EVAPORATES 

The material of the evaporates, like the material of the precipitates 
and a part of that of the oxidates, is present in natural waters in 
ionic solution. The evaporates, however, differ from the precipitates 
and oxidates in so far as, being readily soluble, they cannot be 
directly deposited under normal conditions but require the extensive 
and exceptional evaporation of the solvent for their deposition. The 
evaporation sometimes leads to the complete drying-up of seas, 
lagoons, gulfs, and lakes. According to their manner of occurrence, 
the evaporates may become deposited in such seas or shallow gulfs 
that, like the Karaboghaz Gulf in the eastern part of the Caspian 
Sea, are connected with the open sea only through a shallow and 
narrow channel. Moreover, such nearly isolated basins occur in arid 
regions in which the amount of precipitation is very small. The third 
condition is the absence of any appreciable drainage into the basin. 
Evaporates are also formed in closed basins in isolated inland areas, 
but, geochemically speaking, the quantities of evaporates formed 
therein are small as compared with the amount of evaporates formed 
in the seas and in adjoining basins. 

The average salinity of ocean water is approximately 8.5 per cent 
and is generally lower in the polar seas than in the tropical seas; thus, 
e.g., the salinity of water in the Red Sea is 4 per cent. The Dead Sea 
with a salinity of 25.9 per cent, the Great Salt Lake with 27.7 per 
cent, and the Karaboghaz Gulf with 28.5 per cent are among the ex- 
tremes in salinity. These and similar high contents of dissolved salts 
approach the saturation limit. 

According to their manner of formation and occurrence the evapo- 
rates may be divided into the following groups: 

1. Marine evaporates (salts crystallized from sea water) 
c 2. Continental evaporates 

a) Salts crystallized from ground water in arid and semiarid regions 

b) Salts crystallized from inland lakes 

c) Salts crystallized from hot-spring waters 

d) Salts crystallized through the direct action of the constituents of air or of 
organisms 

Marine carbonates and the deposits of hot springs, such as siliceous 
sinter, calcareous tufa, and ferric hydroxide, which are precipitated 
when their solubility product is exceeded, do not belong to the group 
of evaporates. However, the boundary between the precipitates and 
the evaporates is not always readily established. It has been cus- 
tomary to include in the group of evaporates only the relatively 
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readily soluble crystallates with a solubility at least comparable with 
that of calcium sulfate. At any rate, it is evident that both precipi- 
tates and evaporates may occur in the same deposit. Thus calcium 
carbonate or sulfate may first be precipitated inorganically prior to 
the evaporation of water, upon which a second generation of the 
same material may follow, which is deposited as a true evaporate. 

The extensive salt beds of the Stassfurt area in Germany, which 
were deposited from the Permian Zechstein Sea, form the best illus- 
tration of marine evaporates. They are geochemieally of high impor- 
tance because they contain the complete series of the crystallized 
salts formed by the total evaporation of sea water. Marine evapo- 
rates are common in the geological column, but they seldom form a 
complete and undisturbed series. Small amounts of hydrolyzates 
(clay) and oxidates (ferric oxide) usually accompany the evaporates. 

During the concentration of sea water by prolonged evaporation, 
the salts dissolved therein will crystallize in the reverse order of their 
solubility, the least soluble salts separating first. However, it must 
be noted that the dissolved constituents rather strongly affect one 
another’s solubility, and therefore the course of crystallization of the 
salts is complicated. Jacobus Hendrikus van’t Hoff (1852-1911), the 
Dutch chemist, carried out extensive and detailed research on the 
crystallization of the salts and the metamorphic processes connected 
therewith. His and later studies showed that, during the concentration 
of the brine, calcium carbonate precipitates first. Next calcium sul- 
fate as gypsum and anhydrite will crystallize, followed by sodium 
chloride and, finally, under favorable conditions, the readily soluble 
potassium and magnesium salts will separate. The salt-mineral para- 
geneses of the Stassfurt deposits are now interpreted as being pro- 
duced by chemical reactions which took place during the burial of 
the beds to a depth of several kilometers and during the subsequent 
uplifting. Temperatures as high as 170° C. may have prevailed during 
the burial. 

The evaporates from closed basins are known both in the ancient 
sediment columns and among the recent deposits of semiarid and arid 
regions. These deposits show rather pronounced local changes, as far 
as their chemical and petrological properties are concerned. Their 
character depends essentially on their geological environments. The 
salts are derived from the surrounding rocks and are transported into 
the closed basins by surface waters. The evaporates formed consist 
predominantly of sulfates, carbonates, or chlorides, though borates 
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may also be present. Sodium, sometimes with calcium, predominates 
among the cations; but the content of potassium and magnesium, the 
metals characterizing marine evaporates, is conspicuously low. Sodi- 
um sulfate is deposited in notable quantities in many salt lakes. If the 
surrounding geological complexes consist of sedimentary rocks which 
contain salt deposits, sulfates and chlorides predominate in the evap- 


TABLE 5.50 

Analyses of Evaporates 

(Composition Given in Per Cent by Weight) 


Constituent 

Rock Salt, 
Katwee Lake, 
North of Albert 
Edward 
Nyanza, 
Central Africa 

Rock Salt, 
Goderich, 
Canada 

Sodium 
Sulfate, 
Center of 
Sevier Lake, 
Utah, U.S.A. 

Incrustation 
from Alkaline 
Lake, near Peko 
Station on 
Humboldt 
River, Nev., 
U.S.A. 

Caliche, 
Atacama 
Desert, 
North Chile 

NaCl 

82 71 

99 687 

7 0 

7 24 

27 55 

CaCls 

n d. 

0 032 

n.d. 

n d. 

n.d. 

MgCls 

n.d. 

0.095 

n.d. 

n.d. 

n.d. 

Na 2 S0 4 

5.32 

n.d. 

84 6 

4 42 

2 13 

k 2 so 4 

S 43 

n.d. 

n.d. 

n.d. 

n.d. 

CaS0 4 

n.d. 

0 090 

trace 

n.d. 

0 41 

MgS0 4 

n.d. 

n.d. 

trace 

n.d. 

0.15 

Na 2 C0 3 .... 

2 46 

n.d. 

0 4 

48 99 

n.d. 

NaHCOs 

n.d. 

n.d. 

n.d. 

36 01 

n.d. 

Na 2 B 4 07 

n.d. 

n.d. 

n.d. 

3 34 

0.43 

NaNOs 

n.d. 

n.d. 

n.d. 

n.d. 

61 97 

kno 3 

n.d. 

n.d. 

n.d. 

n.d. 

5 15 

NaI0 3 

n.d. 

n.d. 

n.d. 

n.d. 

0 94 

Na 2 Cr0 4 

n.d. 

n.d. 

n.d. 

n.d. 

trace 

KC10 4 

n.d. 

n d. 

n.d. 

n.d. 

0.21 

NH 4 salts 

n.d. 

n.d. 

n.d. 

n.d. 

trace 

Fe 2 0 3 

0 15 

n d. 

n.d. 

n.d. 

n.d. 

HoO 

0.82 

0 079 

8 0 

n.d 

0 67 

Insoluble. . . . 

n.d. 

0 017 

trace 

n.d. 

0 39 

Total .... 

99 S9 

100 000 

100 0 

100 00 

100 00 


orates of the region. In areas consisting of igneous and metamorphic 
rocks the evaporates often contain carbonates as predominating 
constituents. 

The evaporates at least partly connected with volcanic emanations 
and released in hot springs include borate deposits, but the majority 
of these deposits are formed by a precipitation process which is not 
caused by extensive evaporation of the solvent. Consequently, they 
are precipitates. 

The evaporates consisting predominantly of nitrates are rare and 
evidently require singular conditions of formation. They may form 
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under the action of micro-organisms and subsequently collect into 
separate beds in arid regions. Nitrate deposits, e.g., those of Chile, 
often carry considerable amounts of iodine, chiefly as iodate. 

The chemical composition of some evaporates Is presented in 
Table 5.50, which is based on analyses collected and published bv 
Clarke (1924). 


Total Quantity of the Sediments 

The knowledge of the total amount of sediments formed on the 
Earth since the beginning of the processes of weathering, transpor- 
tation, and deposition is of high geochemical importance. In a similar 
manner it is important to know 7 the total quantity of igneous and 
other rocks decomposed during the geological evolution. Some esti- 
mates of the amount of weathered rocks and of the amount of the 
sediments formed therefrom have been based on the measurement of 
the total thickness of sediment beds formed in the different parts of 
the Earth during different geological periods. Inasmuch as the geo- 
logical column nowhere contains a continuous series of all sediments, 
such estimates have yielded rather questionable results. The calcu- 
lations based on certain facts pertaining to the chemical composition 
of sea w 7 ater and of various sediments, on the other hand, give results 
of a more satisfactory character. 

Complete calculations of the total amount of sediments W'ere pub- 
lished by Goldschmidt (1933a). The average composition of argilla- 
ceous sediments, with few 7 exceptions, is rather similar to the average 
composition of igneous rocks (see Table 5.51). Goldschmidt calcu- 
lated the amount of weathered igneous rocks and that of the sedi- 
ments formed therefrom on the basis on the sodium content of sea 
water. The total amount of sea water is about 278 kg for every square 
centimeter of the Earth’s surface (see chap. 6), and this quantity con- 
tains 2.975 kg Na. The average content of sodium in igneous rocks, 
as given in Table 2.2, is 2.83 per cent Na. The sodium content of ar- 
gillaceous sediments may be derived from a number of composite 
analyses, "which are presented, according to Goldschmidt (1933a), In 
Table 5.51. The analyses of shales and muds are from Clarke (1924). 

A chemical comparison of igneous rocks with argillaceous sedi- 
ments reveals that the argillaceous sediments, on an average, contain 
less MgO, CaO, and Na 2 0 and more K 2 0 and C0 2 + C -f H 2 0 than 
do the igneous rocks. If the sodium content is calculated, it is found 
that the typical argillaceous sediments contain about 1 per cent Na. 
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The analyses quoted in Table 5.51 show that the following changes 
take place when argillaceous (and arenaceous) sediments are formed 
from the material of igneous rocks: the content of CaO (calculated 
for an argillaceous sediment free of carbonates and with 0.6 per cent 
CaO) decreases by about 4.5 per cent; the content of MgO decreases 
by 1.0 per cent; and the content of Na 2 0 decreases by 2.5 per cent. 
Consequently, the total decrease is 8 per cent. It is partly compen- 

TABLE 5.51 

Average Chemical Composition of Igneous Rocks Compared with Com- 
position of Some Argillaceous Sediments 

(Partial Analyses, Composition Given in Per Cent by Weight) 


Constituent 

Igneous 

Hocks 

Composite 
of 78 
Shales 

Composite 
of 52 
Terrig- 
enous 

Muds 

Composite 
of 18 
Phyllites, 
Stavan- 
ger 
Area, 
Norway 

Composite 
of 11 
Phyllites, 
Central 
Norway 

Composite 
of 12 
Phyllites, 
Central 
Norway 

: 

Composite 
of 30 
Garnetif- 

erous 

Mica 

Schists, 

Trond- 

heim 

Area, 

Norway 

Composite 
of 11 
Stauro- 
lite- 
bearing 
Mica 
Schists, 
Trond- 
heim 
Area, 
Norway 

SiOo 

59 12 

5S.38 

57.05 

57.29 

63.09 

65.10 

67 34 

61 25 

Aboa 

15.34 

15.47 

17.22 

20.00 

16.70 

14.92 

13.78 

17.26 

FeO* 

6.57 

6.07 

6.86 

6 79 

6 16 

5.84 

6 37 

7.62 

MgO 

3.49 

2 45 

2 17 

1.76 | 

2.43 

2 23 

3.05 

4.83 

CaO 

5 08 

3 12 

2.04 

0.37 

0.40 

1.11 

1.38 

1.05 

Na 2 0 

3.84 

1.31 

1 05 

1.40 

1.32 

0.98 

1.31 

1.35 

K 2 0 

3.13 

3.25 

2 25 

4.30 

4.59 

4 82 

3 34 

3 22 

H 2 0 

1.15 

5 02 

7.17 






C0 2 

0.10 

2.64 

n.d. 

0.05 

trace 

0.65 

0.10 

0.30 

Total .... 

97 82 

97 71 

95 81 

91.96 

94.69 

95 65 

96.67 

96.88 

HaO+CQa+C. 

1 25 

S 47 

8 86 

4 91 

4.05 

3.74 

2.08 

2.46 


* Total iron as FeO. 


sated for by the increase in water content, which for unmetamor- 
phosed shales amounts to about 5 per cent. Therefore, the total loss 
is about 3 per cent, and if X designates the total quantity of the 
weathered igneous rocks and Y the amount of the argillaceous (and 
arenaceous) sediments so far formed, both X and Y being expressed 
in kg- cm - " 2 , it follows that 

Y = 0.97 X . 

From the sodium content of sea water, 2.975 kg -cm~ 2 Na, and that of 
the argillaceous sediments, 1 kg -cm- 2 Na, the following equation is 
derived: 

2.83X - Y = 100-2.975 . 
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The two equations give 

X = 160 , Y = 155 . 

In other words, 160 kg * cm~ 2 igneous rocks have yielded by weather- 
ing 1 55 kg*cm~ 2 argillaceous and arenaceous sediments. 

This calculation, of course, gives only an approximate estimate. 
Neither the amount of the sodium-rich evaporates that have crys- 
tallized from sea water is considered nor the quantity of sodium de- 
livered into the sea by volcanic emanations and juvenile waters. 
Moreover, the calculation is based on the assumption that all sodium 
found in the sea today has been produced by weathering and that no 
sodium was present in the primordial hydrosphere, which was 
formed by the condensation of atmospheric water vapor. Further, the 
amount of sodium retained in the resistates has not been considered 
in the calculation. 

Goldschmidt’s (1933a) calculations of the total amount of calcitic 
and dolomitic limestones are based on the following data: 

The content of calcium in 278 kg sea water is 0.117 kg Ca, and the 
content of magnesium therein is 0.361 kg Mg. The CaO content of 
igneous rocks and of arenaceous and argillaceous sediments (car- 
bonates excluded) is 5.08 and 0.6 per cent, respectively. The corre- 
sponding MgO contents are 3.49 and 2.6 per cent. The content of cal- 
cium and magnesium in 160 kg igneous rocks is 8.128 kg CaO and 
5.584 kg MgO; in 155 kg arenaceous and argillaceous sediments, 
0.930 kg CaO and 4.030 kg MgO; and in 278 kg sea water, 0.164 kg 
CaO and 0.598 kg MgO. 

The calculations show that 7.034 kg CaO and 5.519 kg C0 2 , or a 
total of 12.553 kg CaCQ 3 , is present in sedimentary rocks. For MgO, 
C0 2 , and MgC0 3 , respectively, the figures are 0.956, 1.043, and 1.999 
kg. The quantity of dolomite, CaMg[C0 3 ]2 ? that corresponds to 1.999 
kg MgCOs is 4.372 kg, and consequently the amount of CaCO s is 
reduced to 10.170 kg. The compiled results are shown in the accom- 
panying tabulation. These values are, according to Goldschmidt, 


Sediment 

i 

j 

Quantity J 

(kg* cm -3 ) i 

Specific 

Gravity 

(g-cm -1 ) 

5 Ttickness of 
i Deposits 

j (m) 

Shales and sandstones i 

155 1 

2 65 

! 5S5 

Calcitic limestones 

10.2 

2.7 

38 

Dolomitic limestones 

4.4 

2 9 

16 


Total 


169.8 


639 
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maximum values. The components never occur in a pure state in Na- 
ture, and, even though this fact does not affect the calculated total 
quantity, it affects the quantities of the various sediments. The cal- 
culation shows that, at any rate, the amount of the carbonate sedi- 
ments is only one-tenth the amount of the arenaceous and argilla- 
ceous sediments. 

The total volume of the sediments on the Earth, calculated from 
Goldschmidt's value of 155 kg -cm -2 for the arenaceous and argilla- 
ceous sediments, is about 3 GO 8 km 8 . Clarke (1924) found 84,300,000 
cubic miles, or about 3.5 -10 s km 3 as the highest possible value of the 
volume of decomposed igneous rocks. Kuenen (1941) concluded that 
these values were too low and suggested a new value, approximately 
13* 10 s km s . According to Kuenen, the total thickness of all sedi- 
ments, including pore space, averages 3,000 m. Kuenen’s value is 
based on the rate of deposition of sediments on the ocean bottom. 
However, Kuenen (1946) later revised his value once more, accepting 
the value 7 -10 s km 3 as the outcome of geochemical calculations for 
all sedimentary material. The continental sediments are of the order 
of 2 -10 s km 3 , and, consequently, the value for the deep-sea de- 
posits is 5-10 8 km 3 . Other determinations carried out by various 
methods give somewhat different values for the deep-sea deposits, 
but all the values are of the same degree of magnitude. Consequently, 
Goldschmidt's value may well be used as the basis of geochemical 
calculations, but the possibility must be considered that the amount 
of sediments actually is greater than his calculations indicate, and 
therefore a correction should be introduced into the quantitative 
treatment of the geochemical cycles of the elements. 

A rough estimate of Holmes (1947) gives for the total maximum 
thickness of sediments accumulated during the whole of the geologi- 
cal time, i.e., in about 3,000 million years, the value 459 km. 

Chemical Differentiation during Sedimentation 

A pronounced chemical differentiation takes place during the 
crystallization of magmas and leads to the formation of igneous rocks 
with different bulk composition. The differentiation is affected by a 
number of forces and phenomena and may in special cases develop 
complicated branches. It takes place deep under the Earth's surface 
and thus belongs to the group of endogenic phenomena. The proc- 
esses connected therewith cause the endogenic differentiation of 
matter in Nature. 
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Another kind of chemical differentiation, called the exogenic dif- 
ferentiation of matter, takes place on the surface of the Earth. The 
exogenic differentiation is intimately connected with the minor cycle 
of matter. The geochemical classification of the sediments presented 
and discussed in the foregoing paragraphs is based on the character- 
istics of processes that predominate in the formation of the sedi- 
ments. The differences in the manner of formation of the sediments 
cause a rather pronounced sorting of the elements into the various 
products of sedimentation. Some elements become strongly enriched 
in certain types of sediments, and for many elements the exogenic 
differentiation is the most powerful concentrating and enriching 
agent. 

The Earth’s surface may be considered a huge chemical laboratory, 
in which a quantitative rock analysis is being made. However, the 
results show that the method applied, viz., the exogenic differentia- 
tion, does not give fully satisfactory separation of the elements. The 
highest purity is obtained in the biogenic siliceous and calcareous 
sediments that may contain in excess of 90 per cent Si0 2 and CaCO s , 
respectively. Among the resistates the sandstones may contain up to 
90 per cent Si0 2 . Iron and manganese are strongly enriched in the 
oxidates. As far as manganese is considered, magmatic processes sel- 
dom produce valuable manganese deposits, whereas manganese ores 
of sedimentary origin are numerous. In a similar manner the biggest 
iron-ore bodies in the w T orld are sedimentogenic. 

Some values to illustrate the sorting of the elements in the exogenic 
cycle are presented in Table 5.52, which is based on the average com- 
position of igneous rocks given in Table 2.3 and on the average com- 
position of resistates (sandstones), hvdrolvzates (shales), and pre- 
cipitates (limestones) given by Clarke (1924) according to H. X. 
Stokes’s analyses (the main constituents and a number of trace ele- 
ments). Most of the values for the trace elements are from original 
investigations on sediments, sedimentary rocks, and their metamor- 
phosed derivatives quoted in Part II of this book. It must be strongly 
emphasized that the values given in Table 5.52 are still only tenta- 
tive. Thus far, no average calculations at all have been presented for 
the oxidates and the evaporates. With particular reference to trace 
elements, Table 5.52 is far from complete. Even though the manner 
of distribution among the various groups of sediments is known for 
most trace elements, their average content in the sediments and in 
their derivatives is still very inadequately known. 
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Average Chemical Composition of Sedimentary Rocks Compared 
with Average Composition of Igneous Rocks 
(Composition Given in g/ton) 


Element 

Igneous Rocks 

Sandstones, Etc 

Shales, Etc. 

Limestones 

Li 

65 

17 

46 

>26 

Be 

6<?) 

0 

<3.6 

0 

B 

3 

9-31 

310 

3 

C 

320 

13,800 

15,300 

113,500 

F 

600-900 


510 

250 

Na 

28,300 

3,300 

9,700 

370 

Mg 

20,900 

7,100 

14,800 

47,700 

A1 

81,300 

25,300 

81,900 

4,300 

Si 

277,200 

367,500 

OO 

O 

© 

24,200 

P 

1,180 

350 

740 

175 

S 

520 

2,800 

2,600 

1,100 

Cl 

314 

trace 


200 

K 

25,900 

11,000 

27,000 

2,700 

Ca 

36,300 

39,500 

22,300 

304,500 

Sc 

5(?) 

0.7 

6 5 

0 

Ti 

4,400 

960 

4,300 


V 

150 

20 

120 

<10 

Cr 

200 

68-200 

410-680 

2 

Mn 

1,000 

trace 

620 

385 

Fe 

50,000 

9,900 

47,300 

4,000 

Co 

23 

0 

8 

0 

NL. ... 

80 

2-8 

24 

0 

Cu 

70 


192 

20.2 

Zn 

132 

<20 

200-1,000 

<50 

Ga 

m 

7.4 

50 

<3.7 

Ge 

7(F) 

3 

7 


As 

5 




Se 

0.09 


0.6 

<0 1 

Br 

1 62 


>0.2 


Rb 

310 

273 

300 

0 

Sr 

300 

<26 

170 

425-765 

Y 

28.1(?) 

1 6 

28.1 

0 

Zr 

220 


120 


Ag 

0 10 

0 44 

0.05 

0 2 

Cd 

0.15 

0 

0 3 


In.... 

0 1 

0 3 

0 5 


Sn 

40 


40 


Sb 

1 

1 

3 


I 

0 3 



0.07-0 55 

Cs 

7 


12 


Ba 

250 

170 

460 

120 

W 

1 5-69 


1-2 


Re 

0.001 

<0.001 

<0 001 


Au 

0.005 

0.028 


0 005-0.009 

Hg 

0.077-0.5 

0.1 

0.3 

0.03 

Tl 

0.3-3 

2 

2 


Pb 

16 

20 

20 

5-10 

Bi 

0.2 

0.3 

1 


Ra 

1 3-10” 6 

0.7M0- 6 

1.08-KT 6 

0.42* 10" 6 

Th 

11.5(F) 

6.1 

10.1 

1.1 

U 

4 

1.2 

1.2 

1.3 
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Table 5.52 shows that some elements become enriched in certain 
groups of sediments, even though a high degree of separation is not 
always reached. Silicon and zirconium are concentrated in sand- 
stones. Aluminum, iron, potassium, barium, thorium, and boron, 
among others, become enriched in the shales. Calcium, magnesium, 
and carbon concentrate in limestones. Along with iron and man- 
ganese, elements like barium, cobalt, and arsenic become concen- 
trated in the oxidates. The elements that form readily soluble com- 
pounds remain in sea water and finally become concentrated in the 
evaporates. This group includes sodium, chlorine, and also potas- 
sium, magnesium, and sulfur. 

Role of Hydrogen-Ion Concentration in Geochemistry 

Most of the phenomena of the minor cycle are characterized by the 
presence of water. Consequently, the physicochemical properties of 
water must be factors of decisive importance for the exogenic differ- 
entiation of matter. In a similar manner, they are important during 
the last stages of magmatic differentiation, viz., crystallization from 


TABLE o.53 

Values of pH in Natural Waters 

Water pH 

Crater lake water, Java (H 2 SO 4 present) 1 .5 

Peat water 4-4.5 

Rain in open country 5.9 

Moorland stream .. 0.4 

Springs in calcareous regions . 0.0-6. 6 

Lake and river water, noncalcareous . ... . . 6 .5-7 0 

Lake and river water, calcareous S G-S 4 

Ponds w T ith weeds (active photosynthesis) .... 9.6 

Sea water on the surface S . 1-S .4 

Sea water in pools (active photosynthesis) S.6 

Sea water, depth of 1,000 m, Black Sea (ELS present) 7 "26 

Water in alkali soil, Sudan (XasCOs present) 10 .0 


hydrothermal solutions. As a matter of fact, it is often hard to decide 
where the action of the magmatic phase ends and the action of sur- 
face waters begins, e.g., when dealing with phenomena of declining 
volcanic activity. 

Among the physicochemical properties of water, its solvent action 
is geochemically of foremost importance. The solution processes are 
connected with electrolytic dissociation, whereby electrically charged 
ions are produced. The hvdrogen-ion concentration of aqueous solu- 
tions is also of importance in geochemistry, as Atkins (1930) first 
pointed out. He gave the values for the pH of natural waters repro- 
duced in Table 5.53. 
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The great majority of natural waters has a pH between 6 and 8. 
The lowest pH reported, —1, was found in a desert soil containing 
free sulfuric acid. 

The pH in soil is usually 2-12, but most soils are neutral in reac- 
tion. In peat soils the pH varies between 4.4 and 7.3 and in mineral 
soils between 4.8 and 8.2. The pH of soil regulates the metal uptake 
of plants by affecting the solubility of salts in soil solutions ; but other 
factors also are effective as regulating agents. 

Dissolved carbon dioxide is important in regulating the pH of 
waters. Photosynthesis tends to increase the pH of water, owing to 
the consumption of the carbon dioxide. Limestone beds may regulate 

TABLE 5.54 

Values of pH fob Precipitation 
of Hydroxides 
(Initial Precipitation) 


Ion 

pH 

Fe 3 + 

3 

Zr 4 ^ 

3 

Sn 2 + 

3 

Th 4 + 

.. .. 3.5 

Al 3 + 

5 

Fe 2+ 

5 1 

Cr 3 + 

5.5 

Zn 2+ 

6 

Mn 2 + 

8 

Mg 2+ 

... 10 

Ca 2 + 

11 


the pH of circulating pore solutions. Many deposits of zinc and other 
metals are the result of the neutralizing action of limestone on acid 
hydrothermal solutions until the pH of precipitation of zinc sulfide 
is reached. 

In the precipitation of hydroxides the pH plays an important role, 
even though it must be remembered that colloidal phenomena for 
some elements are still more decisive. Atkins (1930) gives pH values 
for the precipitation of some hydroxides as shown in Table 5.54. The 
precipitation of iron as ferrous hydroxide is not complete even in a 
neutral solution (pH 7). Therefore, ferrous compounds, under reduc- 
ing conditions, may be transported in natural waters. Ferric salts 
may be transported only in very acid solutions, which are seldom 
present in Nature. 

The precipitation of aluminum as hydroxide starts at pH 5, and 
heavy precipitation sets in at pH 6. Aluminum is stable both 
in acid and in alkaline solution. The great difference in the pre- 
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cipitation of Fe(OH )3 and of Al(OH)s is the cause of the separa- 
tion of iron and aluminum during the exogenic cycle. Sometimes 
it may lead to the formation of pure deposits of aluminum hydroxide. 

The solubility of silica also depends on the pH and increases paral- 
lel to increasing pH values. 

Brueite, Mg (OH) 2, evidently may precipitate only from strongly 
alkaline solutions. 

The precipitation of sulfides depends on the pH, but the concentra- 
tion of the S 2 ~ and SH~ ions also affects the precipitation. 

Role or Redox Potentlil in Geochemistry 

Because many elements occur in Nature in two or more oxidation 
states, oxidation and reduction are geochemically important proc- 
esses. Iron, which is geochemically the most important of all metals, 
is found in Nature in the oxidation states 0, 2, and 3, that is, as native 
metal, as ferrous, and as ferric compounds. The oxidation states for 
some other elements are the following: 


Mn 

2, 3, 4 

S 

-2,0,6 

V 

3, 4, 5 

Cu 

0, 1, 2 

Pb 

: .... 0,2,4 

N 

— 3, 0, 5 

I 

— 1, 0, 5 


V. I. Vernadsky repeatedly emphasized the importance of at- 
mospheric oxygen as an oxidizing agent in the exogenic cycle. 
Oxidation and reduction are of importance also in the first geochemi- 
cal differentiation of terrestrial matter and during the crystallization 
of igneous rocks. However, the presence of molecular oxygen and of 
reducing material of organic origin in the exogenic cycle shows that 
here both oxidation and reduction occur in their geochemically most 
important surroundings. 

The degree of oxidation and reduction is measured by means of the 
redox ( O/R ) potential, also called electrode potential, oxidation po- 
tential, reduction potential, and oxidation-reduction potential. The 
redox potential is the measure of the energy of oxidation or the elec- 
tron-escaping tendency of a reversible oxidation-reduction system. 
It states how oxidizing or how reducing the system is with reference 
to the reaction 

H 2 2H+ + 2e . 

The redox potential of a system is referred to some other potential, 
commonly to the redox potential of the above reaction, which is ar- 
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bitrarily fixed as zero. However, Goldschmidt (1943) emphasized that 
the redox potential varies notably in reactions in which one of the 
substances is a complex compound, e.g., a crystalline phase. Conse- 
quently, the values given for aqueous solutions are not directly ap- 
plicable to reactions in which mineral phases participate. 

The reducing power of a system increases with decreasing redox 
potential. The redox potential generally decreases with increasing 
temperature. Also the hydrogen-ion concentration affects the redox 
potential in so far as the latter generally decreases with increasing 
pH in an aqueous solution. On the other hand, the redox potential 
affects the pH as soon as notable amounts of material participate in 
reactions and no buffer substances are present. 

The meteorites represent a considerably lower oxidation state than 
do terrestrial rocks, and their analyses show the preponderance of 
ferrous iron over ferric iron. Moreover, they contain native nickel- 
iron and meteorite minerals, such as oldhamite, CaS, which is un- 
stable in the presence of water, and daubreelite, FeCr 2 S 4 , which is 
unknown in terrestrial surroundings. The presence of much chromi- 
um, manganese, vanadium, and sometimes calcium in the sulfide 
phase of the meteorites characterizes their low redox potential. 

Goldschmidt (1943) presented a discussion on the oxidation state of 
iron in igneous rocks, as represented by the atomic Fe 3+ /Fe 2+ ratio. 
The redox potential changes very regularly during differentiation. The 
Fe 3+ /Fe 2+ ratio is low in the early crystallates and increases strongly 
toward the late crystallized silicic rocks. In the essexite gabbros, 
which are the oldest intrusive rocks of the Oslo area in Norway, the 
ratio is 0.47, whereas the last granitic differentiates have a ratio of 
2.4-2. 7. In the effusive rocks the ratio is higher, starting with 1.4 in 
the essexite lavas and ending with 2.2 in the rhomb porphyries. In 
hypabyssai rocks the ratio is more variable and evidently is rather 
strongly affected by the chemical composition of the wall rock. Ac- 
cording to Goldschmidt, the thermal changes of the equilibrium be- 
tween Fe 2_f and Fe 34- and those between water vapor and molecular 
hydrogen probably will largely determine the magnitude of the redox 
potential during differentiation. 

On the Earth’s surface the precipitation and mobilization of a 
number of elements in aqueous solutions depends on the pH. Along 
with the pH, the redox potential is of decisive importance, and the 
two functions together, especially the differences in redox potential, 
cause many highly important separation and enrichment processes, 
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which may result in the separation from one another even of chemi- 
cally closely related elements, e.g., of sulfur and selenium, and in the 
formation of valuable ore deposits. 

Iron, manganese, and cobalt are often precipitated as a result of 
oxidation reactions in the exogenic cycle. When bivalent iron and 
manganese are oxidized to the trivalent and quadrivalent states, 
respectively, they will precipitate as hydroxides even in relatively 
acid solution. 

Numerous elements, such as sulfur, selenium, arsenic, chromium, 
vanadium, molybdenum, tungsten, and uranium, may be oxidized to 
readily soluble complex anions which are readily mobilized. 

The redox potential of the environment is an important factor in 
the formation of minerals and in the concentration of certain ele- 
ments in aqueous solutions. The occurrence of native elements which 
often form by precipitation from an aqueous solution is explained by 
the redox potential (Goldschmidt, 19335; Chapman and Schweitzer, 
1947) . The higher the redox potential of a metal, the greater its tend- 
ency to occur in the native state. 

A relatively high redox potential is essential to the formation of the 
vanadate minerals of lead, copper, zinc, and other metals that occur 
in sandstones (see chap. 25). The highest redox potential connected 
with the formation of minerals is found in the Chilean nitrate de- 
posits in which perchlorates, iodates, and some chromates and sele- 
nates are present and even enriched (see chap. 23). This is the ni- 
trate facies of Scerbina (1939). These examples show that an unusual- 
ly high redox potential may cause the enrichment of certain elements. 

The elements may also become enriched under highly reducing 
conditions. A very low redox potential is maintained in rocks contain- 
ing sulfides of heavy metals, e.g., of iron and copper. The weathering 
of such rocks may result in the formation of rich ore bodies in the 
zone of cementation, because iron remains, as oxide or hydroxide, in 
the region of high redox potential (in the oxidation zone), and the 
cupriferous solutions descend to areas of low redox potential below 
the water table and precipitate copper in the form of rich sulfide ores 
of univalent copper. Silver and other metals are often enriched along 
with copper. In coal and petroleum deposits the redox potential is 
very low and causes the enrichment of many rare elements. The oc- 
currence of rare elements in coal and petroleum ashes is discussed in 
chapter 8. The concentration of the minor constituents in the bio- 
liths has taken place in the original reducing environments, such as 
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marine muds and decaying vegetable remains. The high adsorptive 
capacity of the carbonaceous matter has further facilitated the pre- 
cipitation of the elements. 

Biochemical processes often participate in the production of oxi- 
dizing or reducing environments. They may even dominate therein. 
When green plants synthesize organic compounds, molecular oxygen 
is liberated. It is responsible for the high redox potential on the 
Earth’s surface. On the other hand, the organic matter, during its 
decay, creates very low redox potentials. The principal gaseous prod- 
ucts of the bacterial decomposition of organic matter in a reducing 
environment are hydrogen, hydrogen sulfide, methane, and possibly 
other volatile hydrocarbons. Only little carbon dioxide is formed. The 
reducing conditions are maintained by the presence of certain or- 
ganic and inorganic compounds, e.g., sulfoproteins, ferrous iron, 
manganous manganese, and hydrogen sulfide. Therefore, the condi- 
tions favor the hydrogenation of organic matter and the formation 
and preservation of petroleum hydrocarbons. Under oxidizing condi- 
tions, on the other hand, the micro-organisms tend to carbonize or- 
ganic matter, the last stage of the process being the formation of coal, 
or to oxidize it to cai'bon dioxide. According to ZoBell (19466), posi- 
tive values of redox potential are generally characteristic of well- 
aerated marine sediments, those which are coarse grained, and those 
which are poor In organic matter. Negative values characterize fine- 
grained sediments and those rich in organic matter. 

During the minor cycle the two extremes of redox potential are 
represented by the resistates, which have high redox potentials, and 
by the bituminous sediments and their derivatives, In which the 
redox potential tends to be particularly low\ 

During weak metamorphism the degree of oxidation, according to 
Goldschmidt (1943), often remains unchanged. Thus, e.g., newly 
formed hydrothermal hematite may be present in veins of metamor- 
phosed granites, whereas less oxidized rocks, such as phyllites and 
metamorphosed gabbros, contain magnetite and siderite. 

In many metamorphic rocks the high degree of oxidation may af- 
ford proof of their superficial origin, e.g., in certain ferriferous mica 
schists which originally were limonite- and hematite-bearing argilla- 
ceous sediments. It is evident that, once oxidized, rocks tend to retain 
their oxygen during metamorphism. However, reduction will gradu- 
ally take place, and it proceeds through anatexis and palingenesis, 
which lead back to a rock melt. 
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Role of Sorption in Geochemistry 
The ionic properties of an element, along with its affinity relation- 
ships, determine its manner of occurrence in the crystalline phases 
(rocks and their minerals) in Nature. During the weathering, a part 
of the chemically decomposed material goes into solution, partly as 
ions and partly as colloidal particles. In rivers, lakes, and, in particu- 
lar, the sea, both ions and colloids succumb to a number of reactions 
which cause the distribution of the elements between the solid phase 
(sediments) and the liquid phase (water). The ionic properties of the 
elements largely regulate the distribution, but the properties of the 
colloidal particles or the ultramicrons must also be considered. A 
group of phenomena which may be called geochemical sorption is of 
high importance for the properties of colloidal sediment particles and 
for the distribution of the elements among the various sediments 
(Noll, 1981). The following processes are of importance for the geo- 
chemistry of sediments of colloidal origin: 

1. Precipitation of dissolved colloids 

2. Flocculation of colloids by the action of electrolytes 

3. Flocculation of colloids by the mutual action of oppositely 
charged sols 

•1. Ionic sorption and base exchange 

The precipitation of colloids depends on the pH of the solution and 
on the redox potential. The other processes are governed by sorp- 
tion. 

Sorption takes place when ions or colloidal particles from either 
one of two phases are taken up at the phase boundary. Geochemical- 
ly, sorption is characteristic of the natural colloidal phases. In natu- 
ral waters, particularly in the sea, the attraction will occur at the 
boundary between the liquid and the solid phase. The adhesion either 
is adsorption, a purely physical surface attraction, or chemosorption, 
in which case the attracted particle will react chemically with the 
adsorbent. Usually the two kinds of sorption co-operate, and numer- 
ous intermediate stages exist between the two extremes. The sorption 
of ions by colloidal particles is the most important sorption phenome- 
non in Nature. The sorption on an amorphous gel is considerably 
stronger than sorption on a crystalline particle. 

Like ions, the colloidal particles are electrically charged. Their 
charge is caused either by the partial dissociation of their superficial 
parts or by the sorption of ions from the surrounding solution on 
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their surface. The charged particle is surrounded by an adsorbed elec- 
tric layer that attracts ions with an opposite charge from the solu- 
tion. The ions form a readily mobile cloud of changing thickness and 
density, which follows the particle in its movements. The electric 
system thus formed resembles, in its simplest form, a spherical con- 
denser with the electrokinetic potential 

f = 

* Dr{r + 5) ’ 

where e is the charge of the particle, r the radius of the charged par- 
ticle and of the surrounding ion cloud (they are approximately of the 
same magnitude), 5 the distance between the surface of the charged 
particle and the surface of the ion cloud, i.e., the thickness of the 
electric “atmosphere” or ion cloud, and D the dielectric constant of 
the surrounding medium, f is called the zeta potential or the tangen- 
tial potential difference. 

If a solution contains suspended particles with charges that are of 
equal magnitude and of the same sign and if the zeta potential of the 
particles is relatively high, the repulsive force between the approach- 
ing particles in the Brownian movement is strong enough to prevent 
the action of the attractive force between the molecules. In this case 
the sol is stable and cannot coagulate. If, on the other hand, the po- 
tential decreases below a critical value, the repulsive force between 
the sol particles is too weak to prevent the coagulation of the sol, i.e., 
the aggregation of the colloidal particles. Consequently, the magni- 
tude of the zeta potential may be used to measure the stability of the 
colloidal solution. The flocculating power of an ion in a solution con- 
taining colloidal particles is directly proportional to its adsorptive 
capacity. 

The sign of the electric charge of colloidal particles depends on the 
circumstances prevailing dming their formation. Certain sols may 
obtain positive or negative charge according to the reactions in which 
they are formed. The sign of the charge of the geockemically most 
important sols in reactions taking place in Nature during the forma- 
tion of argillaceous sediments is given in Table 5.55. 

Noll (1931) listed several factors which govern the adsorptive ca- 
pacity of ions. Ions present simultaneously in a solution will cause a 
decrease in the adsorb ability of one another. The adsorptive capacity 
increases with increasing ionic charge. The smaller the radius of an 
ion in aqueous solution (hydrated radius), the greater its coagulation 
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capacity and adsorptive capacity. Moreover, the adsorbabilitv 
changes in conformity with polarizability, perhaps also parallel to 
increasing polarizing power and polar nature. 

According to these rules such elements become relatively enriched 
in argillaceous sediments that are characterized by high attraction 
intensity, i.e., by low hydration and high polarizability, or by then- 
property of forming sparingly soluble compounds with the sorbent. 
The order of decreasing enrichment is the following: 

Cs+ > Rb+ > K+ > Na 4 - > Li + ; 

(Be 2+ » Mg 2 - > Ca 2+ > Sr+ > BtM . 

The argillaceous sediments are characterized by the fact that their 
KsO content is higher than their Na 2 0 content. Moreover, their MgO 

TABLE 5.55 

Electric Charge of Sols Occurring in Nature 

Positive Negative 

Aluminum hydroxide Silica 

Ferric hydroxide Ferric hydroxide 

Chromic hydroxide Hydrate of vanadium pentoxide 

Hydrate of titanium dioxide Hydrate of manganese dioxide 

Hydrate of zirconium dioxide Humic colloids 

Hydrate of thorium dioxide Metal hvdrosols 

Sulfide hvdrosols 

content is usually higher than their CaO content, whereas in river 
water Na 2 0 is higher than K 2 0, and CaO higher than MgO. The ex- 
planation is the preferential sorption of potassium and magnesium 
in clays. The high content of copper, zinc, and lead in oceanic sedi- 
ments may also be explained by adsorption. However, chemosorption 
may also be active, e.g., in the sorption of the phosphate anion by 
ferric hydroxide gels. 

The neutralization of the electric charge is the common cause of 
the flocculation of a sol. The neutralization may be due to the action 
of ions, in which case it depends on their concentration and their ad- 
sorbability, or to the formation of a sparingly soluble precipitate by 
chemosorption. The neutralization may also result from the presence 
of an oppositely charged colloid. This phenomenon predominates in 
the formation of argillaceous sediments, and in the diluted solutions 
found in Nature it takes place prior to the flocculation by electro- 
lytes. Whether a sol is flocculated completely or not depends on the 
pH and temperature of the solution. 

Silica nearly always preponderates over other colloids in Nature. 
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This fact is very important if the ions dissolved in natural waters are 
considered. The silica gel deposited in clays causes an excess of nega- 
tive charge therein. The result is that the anions present in solution 
usually cannot become adsorbed in argillaceous sediments. The cat- 
ions, on the contrary, are readily adsorbed in clays. In the laterites 
and bauxites, in which the positively charged aluminum hydroxide 
predominates, the adsorption of cations is rather weak. The precipi- 
tation of ferric hydroxide, according to its colloidal properties, may 
be the result of the mutual flocculation of oppositely charged ferric 
hydroxide sols. 

The protective action of certain substances on a colloid is caused 
by the privileged sorption of ions, molecules, or colloidal particles. 
This phenomenon is of high importance in the cycle of some elements, 
e.g., of iron, which remains in solution as colloidal ferric hydroxide 
because of the protective action of humic substances. 

The potential is important also for the behavior of ions. The im- 
portance of ionic potential in physical chemistry was emphasized by 
Cartledge (1928). The ionic potential ($>) is found by dividing the 
ionic charge (Z) by ionic radius ( r ): 



The potentials of some geochemically important ions are presented 
in Table 5.56. 

Goldschmidt (1934, 1937a) showed that a number of phenomena 
connected with the distribution of elements between sea water and 
the sediments may be explained by considering the ionic potential of 
the elements in question. With reference to the distribution of the 
alkali metals, it is known that the bulk of sodium present in the 
weathering solutions is carried into the sea, whereas potassium is 
preferentially adsorbed in argillaceous sediments. Table 5.56 shows 
that the behavior of sodium and potassium is in accordance with 
their ionic potential. The metal with the lower ionic potential be- 
comes adsorbed, but the metal with the higher ionic potential re- 
mains in solution. The heavy alkali metals, rubidium and cesium, are 
adsorbed in clays still more completely than potassium is, and Table 
5.56 shows that their ionic potentials are lower than the ionic poten- 
tial of potassium. The order of the relative enrichment of some bi- 
valent cations in clays, 

(Be 2-1- >) Mg 2 ^ > Ca 2+ > Sr 2+ > Ba 2+ , 
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allots a similar i elationship and agrees completely with tlie order of 
decrease of the ionic potential (Noll, 1931). Also the other properties 
of ions and colloids discussed above, according to Noll, strongly af- 
fect the degree of adsorption of the ions by sediments. 

However, Ross (1943) explained the preferential fixation of potas- 
sium in the hvdrolvzates by the observation that niontm orillonite 
will gradually invert to illite or mica-like minerals. The structures of 

TABLE 5.56 

Value of Ionic Potential 


Ion 




Cs** 



0.61 

Rb*- 



0.67 

K+ 



0 75 

Na + 



1.02 

Li+... . 



. . 1 .-28 

Ba 2 A . . 



1.40 

Sr 2 * ... 



. . 1 .57 

Ca 2 W . . . 



1 .89 

La 3 + . 



2 AO 

Mg 2+ . . . . 



2 .56 

Sm 3 "*" .. 



-2.65 

Y 3 A . . . 



-2 S3 

Lu 3 “ .. 



3 03 

Sc 3 *- 



3.61 

Th 4 w.. . 



3.64 

Ce 4 -* 



3.92 

Zr 4 ** 



4.60 

Al 3 + 



... 5.-26 

Be 1 *". . 



5.88 

Ti 4 " 



6.-25 

Cb 5 w . . 



7 ,25 

Mo 6 *-... 



. — '9 .7 

ps-j- 



14.-29 

B 3 -* 



—15 

s 64 - 



17.65 

c 4 ^ 



. —-26.7 

Is 54 " . 



, . . 33 33 


the micas and of montmorillonite are very similar, except that the 
E> ions in the micas are between the sheets and are irreplaceable. In 
montmorillonite, Na~ and Ca 2 * - are readily replaced, whereas EA 
gradually becomes irreplaceable. Therefore, potassium in favorable 
conditions may link the structural sheets together and consequently 
occupies positions similar to those of the KA ions in the mica struc- 
ture. Such potassium is rendered immobile. 

Goldschmidt (1934, 1937a) divided the elements, on the basis of 
their ionic potential, into three groups, which become separated from 
one another during sedimentation in the sea. The division for a num- 
ber of geochemically important cations is presented in Figure 5.19, 
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which is based on the distribution diagrams given by Goldschmidt 
(193-4, 1937a), with revisions according to Wickman (1944). Group I 
includes the cations that have low ionic potential. With certain ex- 
ceptions, they remain in ionic solution even up to high values of pH. 
The cations belonging to Group II have a higher ionic potential than 
those of Group I. They are readily hydrolyzed and precipitate in the 
form of hydroxides, which are deposited among the hydrolyzates, 
e.g., beryllium, aluminum, titanium, columbium, zirconium, and 
thorium. Group III consists of ions with the highest potentials. They 



Fig. 5.19. — Geochemical division of some important elements on the basis of their ionic 
potential. Abscissa, charge of the ion. Ordinate , ionic radius in kX. 

form complex anions with oxygen, which usually remain in ionic so- 
lution. Nitrogen, carbon, sulfur, and phosphorus belong to this 
group. They are present in sea water in the form of the complex an- 
ions NOT COr, SO~- and POJ- 

Goldschmidt (1934), however, remarked that the concept of the 
ionic potential is somewhat obscure. Evidently the ionic potential 
does not possess any immediate physical significance, and conse- 
quently the division presented in Figure 5.19 is only empirical. 

Wickman (1944) gave a physical explanation of the empirical 
threefold grouping of the elements by substituting the concept of the 
ionic potential by the rules governing the hydrogen and hydroxyl 
bond in hydroxides. His results showed that the distribution of the 
elements between sea water and the hydrolyzates depends on the crys- 
tal structure of their hydroxides. Wickman based his treatment on 

238 



GEOCHEMISTRY OF THE LITHOSPHERE 

the Interpretation of the hydrogen and hydroxyl bonds presented by 
Bernal and Meg aw (1935), who showed that the role of hydrogen In 
hydroxides depends on the size of the cation and on Its polarizing 
power. The OH ion bound to a cation is more or less polarized. If 
an increasing and divergent electric field is applied to the OH" ion, 
it may be expected to pass through three stages. In the first stage, 
when the polarization is small, the QH~ ion retains the original cylin- 
drical polar symmetry which characterizes the free OH" ion. The re- 
sulting bond is ionic. In the second stage, as the polarization In- 
creases, the bond from the hydrogen atom to the oxygen atom will 
become definitely directed, and the polarization by the cation breaks 
the binegative oxygen ion into four concentrations of negative charge 
in a tetrahedral formation; each of the parts has the charge of f unit. 
The structure of the OH~ group, presented schematically In terms 
of electrostatic valence, is 

_ i 

— 0 — ^ 

One of the negative halves of charge of oxygen is occupied by the 
hydrogen ion and gives a net charge of +§. There remain, conse- 
quently, four halves of charge, three of which are negative and one 
positive. Each of these charges is potentially a directed bond. The 
negative charge of oxygen in one hydroxyl group will attract the 
positive charge of hydrogen belonging to a neighboring hydroxyl 
group, and thereby a bond results that is called the hydroxy! bond. 
With further increase in polarization, the strength of the bond be- 
tween the hydrogen ion and the oxygen ion will decrease, and In this 
case the hydrogen ion may be considered to belong to a neighboring 
oxygen, if there is one present, and hydrogen behaves in the structure 
like a free H + ion in 2-co-ordination, equidistant from the two O 2 " 
ions: there exists a hydrogen bond. 

If the electrostatic valence from the polarizing cation to the hy- 
droxyl group is less than i, the charge of the oxygen Ion will not show 
any tetrahedral splitting. Ionic bond is formed, and the hydroxide is 
readily soluble. If the electrostatic valence is §, one of the negative 
half-charges of oxygen will be occupied: and if the electrostatic va- 
lence is 1, two halves of the negative charge are required to bind the 
hydroxyl group to the cation. In these cases there remain unattached 
negative charges, which form hydroxyl bonds with the positive 
charges. If the electrostatic valence is greater than 1, a hydrogen 
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bond is formed which is weak enough to cause the formation of a 
soluble complex anion. 

From the considerations presented above, Wickman (1944) de- 
duced the following rules: 

If V < §, ionic bonds are formed; 

If | ^ V S 1, hydroxyl bonds are formed; 

If V > 1, hydrogen bonds are formed. 

The electrostatic valence (V) is the charge of the cation (Q) divided 
by its co-ordination number (C ) : 



These rules may be used to interpret Goldschmidt’s empirical dia- 
gram and to give physical significance to it. The soluble cations of 
Group I are those having ionic bonds in their hydroxides. The hy- 
droxides of Group II, which are concentrated in the hydrolvzates, are 
characterized by hydroxyl bonds, and the complex anions of Group 
III have hydrogen bonds. 

For univalent cations Q is 1 . In order that their I" should lie be- 
tween | and 1 , the maximum value of C could be 2 . However, in the 
hydroxides in question, C is always greater than 2 , and therefore 
ionic bonds prevail therein. The univalent cations, consequently, be- 
long to Group I of Figure 5.19. 

The hydroxides of the bivalent cations usually have structures in 
which C of the cation is 1 . Therefore, V is or f . These compounds 
have ionic bonds, are readily soluble, and belong to Group I. Beryl- 
lium, however, is an exception. Owing to its small size, the Be 2+ ion 
is 4-co-ordinated in Be(OH) 2 , just as in the beryllium silicates. It 
follows that, for beryllium, V is f or 1 -, and thus beryllium hydroxide 
is insoluble and beryllium is an element of Group II. Zinc, according 
to Wickman (1944), lies on the boundary between the soluble cations 
and the hydrolyzates. Zn 2 ^ may be both 4- and 6 -co-ordinated in 
Zn(OH) 2 . 

In order that trivalent cations may belong to Group I, they must, 
in their hydroxides, have C higher than 6 . In the case of lanthanum 
this appears rather probable, but the structures of La(OH ) 3 and of 
the hydroxides of the trivalent lanthanides are still unknown. Alumi- 
num, gallium, and ferric iron, on the other hand, are 6 -co-ordinated in 
their hydroxides, e.g., in hydrargillite (gibbsite), 7 -Al(OH) 3 ; diaspore, 
a-AlOOH; goethite, a-FeOOH; and lepidocrocite, 7 -FeOOH. Conse- 
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quently, they belong to Group II. They are, as a matter of fact, the 
most typical elements of the hydrolyzates. Boron is 3-co-ordinated in 
boric acid, H 3 B0 3 or B(OH) 3 , and therefore its V is 1 and it belongs 
to Group II. 

The quadrivalent cations, with the exception of carbon, always oc- 
cur at least 4-co-ordinated but probably never have C higher than 8. 
Consequently, their V is equal to, or smaller than, 1, and they belong 
to Group II. Carbon, however, is typically 3-co-ordinated, and there- 
fore hydrogen bonds prevail in the carbonate anion, and hence car- 
bon belongs to Group III. 

Among the quinquevalent ions nitrogen is 3- and phosphorus 4-co- 
ordinated. Therefore, they belong to Group III. In a similar manner. 
As 5 ' 1 ’ and V 5+ may belong to Group III. However, the quinquevalent 
vanadium may lie on the boundary between Group II and Group III. 
Quinquevalent columbium and tantalum, on the other hand, proba- 
bly are too large to be found in 4-co-ordination and consequently 
belong to Group II. 

Among the sexvalent ions sulfur is 4-co-ordinated in the sulfate 
anion and therefore belongs to Group III. The Te 6 ~ ion is 6-co-ordi- 
nated and consequently has hydroxyl bonds and must be expected to 
concentrate in the hydrolyzates. 

The septem valent ions probably belong to Group III. 

Wlckman’s results on the distribution of elements between sea 
water and sediments refer only to their precipitation as hydroxides. 
It must be noticed that many cations of Group I are removed from 
sea water by sorption in argillaceous sediments (see Part II;. Conse- 
quently, they are not removed solely by precipitation, and Wick- 
man’s explanation is not valid in such instances. With reference to 
Figure 5.19, it must also be emphasized that the boundary lines be- 
tween the groups are to be regarded as narrow transition zones. 

Base-Exchange Capacity of Clay Minerals 

Clay minerals are characterized by their property of carrying cat- 
ions (anions) that may become exchanged for other cations ; anions) 
present in aqueous solutions which are brought into contact with the 
clay material. This property is called the base-exchange capacity. It 
does not affect the structure of the clay minerals concerned. The 
mechanism of the anion exchange is almost entirely unknown, but 
extensive research has been carried out on the cation exchange. It is 
known that for certain clay minerals the base-exchange capacity 

241 



GEOCHEMISTRY 


varies with the particle size; it is also related to crystal structure. In 
montinorillonite, most of the exchangeable ions (exchange positions) 
lie on the basal-plane surface; the rest are on the edges of the flakes. 
It has been suggested that the oxygen ions with incompletely satis- 
fied valence bonds may hold the exchangeable ions at the flake edges 
and that the H- ion of the OH - groups at flake edges may explain a 
part of the cation exchange. However, on the flake surfaces the ex- 
change may result from the substitution of AP+ by Mg 24- within the 
structure, whereby the charge necessary to retain the cations would 
be produced (Grim, 1942). In kaolinites a part of the exchange capac- 
ity may be caused by distortion of the structure. In illite much of the 
exchange capacity is found in the flake edges, but a part is due to 
substitutions within the structure. 

The absorbability series commonly adopted, in order of decreasing 
replaceability, is for some cations, according to Hauser (1939), the 
following: 

Li+ < Na+; K+ < Mg 2 - < Ca 2 + < Sr 2 - < Ba 2 - < AP- . . . < 11+ . 

This is the so-called Hofmeister series. 

Noll (1931) gave the following series, in order of decreasing re- 
placeability : 

Li- > Na+ > K+ > Rb+ > Cs+ ; 

Ba 2 + > Sr 2 - > Ca 2 + > Mg 2 * . 

The replaceability is a function of ionic charge: the bivalent cations 
are more tightly held than the univalent cations. The replaceability 
depends also on the hydration and polarizability of the ions and on 
the solubility of the compounds that may form on the phase bounda- 
ry. According to Page (quoted in Grim, 1942), the ionic size is impor- 
tant in the replacement, and ions fitting closely into the cavities 
within the hexagonal nets of 0 2 ~ ions are replaceable only with diffi- 
culty. 

The relative exchangeability series is not valid for all clay miner- 
als, but, instead, there is a series for each clay mineral. Ross (1943) 
gave the following series for the relative ease of replacement in 
montmorillonites : 

Li- < Na+ < H+ < K- < Mg 2 + < Ca 2 * . 


This series indicates why calcium is preferentially fixed in most 
montmorillonites even in the presence of sodium. 
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THE MAJOR CYCLE AND ITS PRODUCTS 
The Major Cycle 

The principles were presented in previous paragraphs, according 
to which the constituents of a rock melt separate to form various ig- 
neous rocks and other matter of juvenile origin. Moreover, the gen- 
eral principles were discussed that govern the disintegration of solid 
rocks and the formation of various sediments and sedimentary rocks. 
Attention was paid to the general geochemical mechanisms of the 
processes taking place in Nature and to the quality, quantity, and 
chemical composition of the products formed. The two series of 
phenomena connected with magmatic crystallization and with 
■weathering and related processes cause an extensive and complicated 
chemical differentiation in the uppermost lithosphere and on the 
Earth’s surface. In many instances the differentiation results in a 
pronounced sorting of the elements in the various products formed. 

Both the primary igneous rocks and the sediments and their dia- 
genetic products are formed by chemical differentiation. The differ- 
entiation phenomena evidently make up an essential part of all geo- 
chemical processes taking place in the uppermost geospheres. In the 
sense of Goldschmidt (1926, 1929, 19386) these differentiation proc- 
esses include the second stage of geochemical differentiation in the 
Earth, or the endogenic differentiation, and the third stage, or the 
exogenic differentiation (see chap. 10). In the uppermost lithosphere, 
however, processes of still another kind take place which cannot be 
included either in exogenic or in endogenic differentiation. Even 
though the processes of the third group in part tend to cause a chem- 
ical distribution of the elements among various rocks, they work es- 
sentially in the opposite direction, endeavoring to level off the chem- 
ical differences already produced. Contrary to the exogenic cycle, 
which takes place on the surface of the Earth, these processes occur 
at deeper levels in the crust. They form the endogenic cycle of mat- 
ter. The endogenic and exogenic cycles together form the major cycle 
of matter. 

The processes characterizing that part of the major cycle which, 
starting from sedimentary or igneous rocks, gradually produces a 
rock melt are geochemicaHy as important as the phenomena of mag- 
matic crystallization and of exogenic differentiation. The processes 
resulting in the re-fusion of rock material are largely, perhaps nearly 
entirely, based on reactions taking place in the solid state, and con- 
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sequently they differ basically from the crystallization of melts and 
from the deposition of matter in aqueous solutions. It is possible 
that the migration of elements in the major cycle actually is the most 
important process in the chemical modeling of the upper lithosphere 
and that the schematic magmatic differentiation is only an idealized 
process. However, the present information available on the geochem- 
istry of metamorphism is, at best, still very scarce and incomplete, 


Sedimentary rocks 
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Migmatites or mixed rocks 
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Anatexis or remelting 


Sediments 


Transportation 
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i 

Weathering 


Igneous rocks 


Rock melt 

Fig. 5.20 . — The major cycle 

and many recent theoretical investigations, even those following 
closely related lines of reasoning, have produced contradictory re- 
sults. Therefore, the discussion on the major cycle and on its products 
will be confined only to those processes that are of importance for the 
understanding of the general geochemistry of the upper lithosphere, 
and little attention will be paid to the structure and chemical com- 
position of the various classes of metamorphic rocks. 

Unlike the minor cycle, the major cycle is closed for all rocks par- 
ticipating therein. However, it must be noted that the hydrosphere, 
particularly the oceans, forms a considerable leak in the cycle. Nu- 
merous elements have collected in the water masses of the ocean 
basins at least semipermanently and have remained there for a very 
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considerable part of the Earth’s geological history. In like manner the 
material deposited on the ocean bottom thus far has evidently not 
re-participated in the major cycle. Therefore, the major cycle is 
quantitatively deficient. 

The course of the major cycle is presented in Figure 5. 1 20. This fig- 
ure shows that the cycle begins with molten rock and ultimately 
winds up with a regenerated rock melt. The melt, on cooling, will 
crystallize in the form of plutonic or volcanic rocks, depending on the 
level of the seat of crystallization in the lithosphere. The true igneous 
rocks, formed from a primary magmatic or juvenile material, must 
be distinguished from the quasi-igneous or pseudo-igneous rocks that 
are formed from or by a melt which is partly or totally a product of 
remelting. On the Earth’s surface the igneous rocks participate in the 
minor cycle, and then material finally becomes distributed among 
the various sediments. Sedimentary rocks are formed by diagenesis 
from the sediments. Furthermore, the sedimentary rocks may re- 
participate in the minor cycle on the Earth’s surface. However, the 
beds of sediments and of their derivatives may be removed from im- 
mediate contact with the hydrosphere and the atmosphere by contin- 
uing deposition of sediments or by tectonic movements. If that is the 
case, the sediments depart from the minor cycle and, in the course of 
time, they will participate in metamorphic processes. 

Metamorphic Changes in Rocks 

Metamorphism is the physical and chemical adjustment of rocks 
to conditions existing at the deeper levels of the upper lithosphere, 
below the zones of weathering and sedimentation. The metamorphic 
changes are essential for the endogenic processes that take place in 
the major cycle of matter. The field of metamorphism may be divid- 
ed according to the nature of the primary metamorphic processes. In 
the classification presented by Turner (1948), the simple metamor- 
phism is either purely mechanical (kinetic) me t am orphisin or purely 
thermal metamorphism, or metasomatism, which is the introduction 
and removal of material by magmatic gases (pneumatolytic meta- 
morphism) , solutions (hydrothermal metamorphism) , or molten rock 
(migmatitization in part) and results in changes both in the mineralo- 
gy and in the chemistry of the rocks affected. 

The field associations and the petrographic character of metamor- 
phosed rocks may, in addition, give evidence of autometamorphism, 
which may or may not be accompanied by metasomatic changes. 
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Autometamorphism consists of reactions between a rock and the 
residual solutions formed during the crystallization. Moreover, com- 
plex controlling conditions give rise, among others, to regional meta- 
morphism over wide areas under the combined influence of elevated 
temperature, variable pressure, and high shearing stress and to 
plutonic metamorphism, which is the deep-seated regional metamor- 
phism at high temperatures and pressures, often accompanied by 
strong deformation and augmented by injection and infiltration of 
molten rock or by incipient re-fusion. Regional metamorphism 
merges into plutonic metamorphism in the deep root zones of moun- 
tain chains, and still deeper the plutonic metamorphism merges into 
truly plutonic phenomena. In the shallow zones near the Earth’s sur- 
face, regional metamorphism gradually becomes replaced by kinetic 
metamorphism. Deformation usually accompanies regional meta- 
morphism at the lower levels in the crust and promotes and acceler- 
ates the incorporated chemical reactions. 

During metamorphism the mineralogical and chemical composi- 
tion of the rock is affected by changes in temperature, pressure, 
shearing stress, and chemical activity of the environment. Because 
the composition of the reacting system in metamorphism usually is 
complex, the chemical changes involved are also complicated. With 
changes in the environmental conditions, the minerals participating 
in metamorphic processes may become unstable, and their atoms and 
ions become rearranged into new structures w 7 hich are, with reference 
to their stability and composition, adapted to the new conditions. 
With progressing regional metamorphism, the participating rocks 
often grow more coarse grained and appear more gneisslike. Migma- 
titization may set in with tectonic movements that promote the rate 
and extent of the metamorphic changes. The migration of the readily 
mobile elements, such as the alkali metals, begins, and the migrating 
materials collect into separate veins, thereby producing a veined 
gneiss (venite). Rocks of this kind may also form by the intrusion of 
molten rock material (arterites) . The result of the migration and in- 
trusion is the formation of migmatites, or mixed rocks, which are the 
predominating rocks in the deepest parts of mountain chains. A no- 
table part of granites and associated rocks is believed to have formed 
by migmatltization (granitization) . Because metamorphism may 
still increase in strength, it may lead to the partial remelting (ana- 
texis) of the rock, later followed by a complete re-fusion. The remelt- 
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ing consequently ends in the formation of a rock melt, the starting 
phase of the major cycle, and in its crystallization. The most far- 
reaching metamorphic changes, accordingly, mean the rebirth, or 
palingenesis, of the rock. 

The argillaceous and arenaceous sediments are quantitatively the 
most important groups of sediments (see under "Total Quantity of 
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Sediments/ 5 p. 221). The argillaceous sediments are converted into 
hornfelses in thermal metamorphism and into various aluminum 
silicate gneisses, phyllites, and mica schists in regional metamor- 
phism. The bulk chemical composition may thereby remain almost 
unchanged, as the analyses of Table 5.57 illustrate. The analyses are 
from Eskola (1932a) and Sederhohn (1911). The increase in the K 2 0 
content in the phvllite is caused by the metasomatic introduction of 
potassium. Table 5.57 also shows the composition of a quartz-rich 
sand (from Borgstrom, 1924), compared with the composition of a 
quartzite (from Eskola and Nieminen, 1938). Also in this case the 
similarity in chemical composition is fair. 
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Metamorphism as a Geochemical Phenomenon 

Met amorphic changes may affect any or all of the following prop- 
erties of a rock: its fabric, its mineralogical composition, and its 
chemical composition. Strictly speaking, all physical and chem- 
ical changes in a rock, e.g., the crystallization of a rock melt, the 
weathering of rocks, and the deposition of sediments, should be 
called metamorphism. However, according to the current usage of 
the term, metamorphism includes only the structural, mineralogical, 
and chemical adjustments of solid rocks that take place in the endo- 
genic phase of the major cycle, with the exception of magmatic crys- 
tallization. The deformation of rocks is defined as the change in their 
fabric, i.e., the changes in the shape and mutual position of the min- 
eral grains which do not affect the quality and co-ordination of the 
constituents of the mineral structures. Consequently, deformation 
includes no chemical rearrangement and does not lie within the 
sphere of geochemistry. 

Regional metamorphism is the most common and petrologically 
the most important form of metamorphism. It is not limited to the 
exceptional contact areas, but its effects may be discerned in rather 
extensive metamorphic terranes, particularly in the deep zones of old 
geosynclines. Regional metamorphism includes all changes in struc- 
ture and composition that derive from changes in temperature, pres- 
sure, and shearing stress and from the migration of matter. Regional 
metamorphism may be divided into two groups of processes : 

1. Changes that do not affect the bulk chemical composition of the 
rock: isochemical or internal metamorphism. No material migrates 
into the rock or from the rock. 

2. Changes that affect the bulk chemical composition of the rock, 
involving substantial addition or removal of matter: allochemieal or 
metasomatic metamorphism. 

The metamorphism of a rock hardly ever is purely internal meta- 
morphism. Metasomatic migration of matter characterizes all natu- 
ral metasomatic phenomena, even though its rate and degree vary. 

The internal metamorphism, strictly speaking, does not belong in 
the domain of geochemistry because it does not involve changes in 
the bulk chemical composition of the participating rocks. The differ- 
entiation, in this particular instance, is confined to the distribution 
among the rock-making minerals, and consequently its dimensions 
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are very much, smaller than those of geochemical differentiation in 
the major and in the minor cycle. The manner of occurrence of an 
element in rocks is of geochemical interest only in so far as it may 
decide the manner of participation of the element in its geochemical 
cycle. The internal metamorphism, however, may change the solu- 
bility of the compounds of an element and consequently affect its 
geochemical cycle. New minerals form in internal metamorphism, 
and in their structures the binding forces between the ions and the 
atoms may differ from those existing in the original structures. 
Therefore, either the elements become detached from the new struc- 
tures more readily than from the original ones, or they are more 
tightly bound in the new structures. Geochemically speaking, how- 
ever, metasomatic metamorphism is more important than internal 
metamorphism, the reason being that metasomatic metamorphism 
consists of the endogenic migration of matter during the major cycle 
and is an essential part of that cycle. 

INTERNAL METAMORPHISM 

In metamorphic processes, as in all natural phenomena, the state 
of equilibrium and the direction of possible reactions depend on the 
magnitude of free energy. Under given circumstances the mineral 
paragenesis of a rock or the assemblage of its minerals is in a state of 
equilibrium, i.e., the combination of the constituting mineral struc- 
tures has been arranged to have a minimum of free energy. With a 
change — for example, in temperature — the free energy of the system 
may no longer represent the minimum that the system can have at 
the new temperature. It follows that the rock, which retains its bulk 
chemical composition unchanged, rearranges and develops a new 
combination of structures that has less free energy than the original 
combination did. If the rearrangement takes place, the mineral con- 
stituents of the rock react with one another to form new minerals, 
and metamorphism continues until a new equilibrium has been 
set up. 

It must be noticed that the changes in free energy which govern 
the equilibrium only indicate the direction in which the reactions 
tend to proceed. In a static state, when the changes in external fac- 
tors are relatively slow and the rates of reaction sufficiently high, the 
equilibrium may be reached readily enough. On the other hand, al- 
ways when strong movements caused by directed pressure or shear- 
ing stress are connected with metamorphism, an equilibrium is more 
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difficult to reinstate. The penetrative movements that take place in 
a rock cause translations or internal slip in the structures of minerals, 
thereby preventing the reinstatement of equilibrium. They also pro- 
mote the removal of ions from their co-ordination and consequently 
favor the formation of a dispersed phase (see below). Furthermore, 
strong movements indirectly oppose the reinstatement of equilibri- 
um, inasmuch as the pressure-temperature conditions due to the 
movements may locally change at a rapid rate, which may sometimes 
be too fast to allow a corresponding adjustment of the rate of re- 
action. 

When penetrative movements affect extensive areas, the differ- 
ences in the elastic properties of rocks, among other causes, are re- 
sponsible for the appearance of more or less abrupt local changes in 
pressure and in temperature in the form of maxima and minima. In 
addition, the maxima and minima change constantly during the 
movement of the rock masses. Moreover, the movements cause the 
migration of the dispersed phase from place to place and consequent- 
ly produce irregular changes in the bulk chemical composition of the 
rock. Therefore, the metamorphic field is rather inhomogeneous. 
This result explains the presence, in rocks metamorphosed under the 
action of strong movements, of minerals and mineral assemblages 
that do not represent an energetic equilibrium and that are unstable 
in static conditions. The penetratively deformed metamorphic rocks 
often contain minerals that evidently would not form in other condi- 
tions in rocks of a similar composition. The minerals typical of pene- 
tratively deformed rocks include, among others, glaucophane, a Mg- 
rich Na amphibole, and the mica paragonite, NaAl 2 [(OH,F) 2 [ AlSi 3 Oi 0 ] . 

In a metamorphic reaction the mineral structures will be gradually 
torn down, ion by ion. Disorder is created from order, but finally new 
structures, different from the old ones, will be formed. The reactions 
breaking down the old structures and making the new ones may take 
place in a liquid phase, called the intergranular film, into which the 
ions from the old structures are collected and from which they are 
released into the new structures to be formed. However, the presence 
of a liquid phase is not necessary because the structures may react 
with one another in the solid state, whereby the ions simply are re- 
arranged to form the new structures. 

The kinetic energy of participating ions may be used to explain the’ 
mechanism of metamorphic reactions. At a given temperature the 
ions of a structure are in a state of thermal vibration, and each of the 
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ions possesses a given amount of kinetic energy. The kinetic energy 
of an ion depends on temperature, but even the ions of the same ele- 
ment in a structure have different amounts of kinetic energv due to 
variations in their amplitude of vibration and to the corresponding 
variations in the number of collisions between the ions. Therefore, 
only the statistical average of the kinetic energy of the ions of an ele- 
ment remains stable at a given temperature. For some ions of the 
structure the kinetic energy momentarily may exceed the migration 
energy (see under “Crystal Chemical Discussion of the Course of 
Crystallization,” p. 169). When this happens, the ion is liberated 
from its co-ordination and may migrate into a new one. It follows 
that some ions are always present that are not strictly and rigidly 
bound to a certain structure but form a separate phase, called the 
dispersed phase. In a state of chemical equilibrium the number of 
ions migrating from the structures into the dispersed phase is equal 
to the number of ions moving in the opposite direction. The amount 
of the dispersed phase or the number of free ions depends on temper- 
ature. At elevated temperatures the kinetic energy of the ions is high, 
and consequently the number of free ions increases, whereas at low 
temperatures it is less probable that an ion, by incidental collisions 
with other ions, may reach the threshold value of the migration ener- 
gy. Therefore, at low temperatures the quantity of the dispersed 
phase in a rock is small. Along with temperature, pressure affects the 
quantity of the dispersed phase. Provided that temperature and pres- 
sure remain constant, the crystalline phase is in equilibrium with the 
dispersed phase; but, with changes in the environmental factors, the 
quantity of the dispersed phase will fluctuate. 

The concept of the dispersed phase may be used to illustrate the 
chemical activity of an element or of an ordered structure {a mineral) 
in metamorphie reactions. It is evident that an ion rigidly boimd 
within a structure is chemically inert. Such an ion may react, i.e., be- 
come attached to another structure only when released into the dis- 
persed phase. This phase may be compared with a highly compressed 
gas, and consequently the chemical activity of an ion is comparable 
to its partial vapor tension in the dispersed phase. The chemical ac- 
tivity of the structure as a whole is equal to the sum of the partial 
tensions of the dispersed ions, which are in equilibrium with the 
structure under the circumstances in question. Owing to the thermal 
vibration and to the mutual collisions of its ions, every ordered struc- 
ture always exerts a certain pressure (pressure of dispersion or vapor 
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tension) which is the force expelling the ions from the structure into 
the dispersed phase. In a state of equilibrium the pressure of disper- 
sion is equal to the sum of the partial tensions of the ions present in 
the dispersed phase. The pressure of dispersion of the structure has 
low values at low temperatures and at low external pressures, and 
consequently the chemical activity of the structure and the rate of 
possible reactions is then low. On the other hand, under the circum- 
stances of natural metamorphic reactions the pressure of dispersion 
is considerably higher and the rate of reaction rapid enough to cause 
metamorphism . 

METASOMATIC METAMORPHISM 

The Earth’s crust as a whole is often treated as a huge physico- 
chemical system, but such a viewpoint seems to be likely to lead to 
hypotheses and generalizations that are not always applicable to 
real geological units. It must be emphasized that a completely closed 
system is unthinkable in Nature, and therefore any part of the 
Earth’s crust should always be considered with adequate reference 
to its surroundings, viz., the adjoining rocks or the other geospheres. 
In the statistical treatment of chemical phenomena in the upper 
lithosphere the possible effects of geological processes should also 
always be considered. 

The presence of a dispersed phase is the condition of all chemical 
reactions that take place in rocks. The dispersed phase may be a 
liquid or a gas or it may consist of ions temporarily detached from 
their original places in mineral structures. Even in reactions between 
solid substances the ions are removed from their original structural 
positions and move into the new structure in a disordered state, that 
is, through a dispersed phase. 

The reactions in the solid state, studied by a number of silicate 
chemists and physicochemists, above all by J. Arvid Hedvall in 
Sweden and by Gustav Tammann, Wilhelm Jander, and Wilhelm 
Jost in Germany, have found wide application in the explanation of 
metamorphic processes. Eskola (1934) discussed some geological im- 
plications of solid diffusion, maintaining the view that, in crystal- 
line schists which are metamorphosed in the upper zones of mountain 
chains, diffusion and reactions in the solid state probably have been 
considerable. Since then a number of highly controversial papers on the 
role of diffusion in metasomatic metamorphism has been published, 
representing various approaches to the problem. Thus far, no uni- 
formity of opinion has been reached, and it is frequently emphasized 
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that the conditions required to maintain diffusion are seldom, if ever, 
met in the Earth s crust. Therefore, many of the discussions would 
seem to be purely hypothetical. Furthermore, it is hard to find indu- 
bitable evidence of reactions in the solid state in rocks. 

In any case, all chemical reactions in solid rocks are connected with 
the migration of ions, i.e, 5 by their diffusion. The physical and chem- 
ical properties of mineral structures determine the nature of the diffu- 
sion processes in rocks. In the simple change of a structure into an- 
other, e.g., in the transformation of andalusite, Al 2 [0|Si0 4 ], into sil- 
limanite, Al[AlSiOo], the extent of diffusion, or the length of its path, 
is of the same order of magnitude as the distances of ions in the struc- 
ture. If the structures that react with one another are found in the 
same rock, the diffusion distance may vary from some millimeters to 
several centimeters. The occurrence of diffusion under these circum- 
stances is understood well enough. On the other hand, the migration 
of elements, within a geological formation, from one rock into an- 
other or from one geological formation into another may cover dis- 
tances that are measured in kilometers and tens of kilometers. 

Buerger (1948) emphasized the decisive role of temperature in dif- 
fusion, stating that, whenever temperature is high enough to cause 
spontaneous growth of crystals, it is already maintaining a very high 
level of diffusion, because of its disordering tendency, and therefore 
the smaller atoms and ions of a structure may be expected to migrate 
rather freely through the remainder. Consequently, wholesale diffu- 
sion must be important for the transfer of matter in metamorphism. 

Ramberg (1944, 1945a, b, 1946a) discussed diffusion on the basis 
of the forces which govern the movement of ions in rocks. In his opin- 
ion, diffusion is comparable to osmotic phenomena. The rocks assume 
the role of semipermeable membranes, through which the ions diffuse 
in solutions. Depending on the composition of the rock and on the 
external conditions, different atoms and ions penetrate through a 
rock at different rates. The difference of pressure on both sides of the 
semipermeable membrane determines the direction and rate of diffu- 
sion. In a similar manner the partial vapor tension of an atom or of 
an ion in the dispersed phase will determine the chemical activity of 
the atom or ion in question during the migration. The greater the 
chemical activity of an atom or ion, i.e., the higher its partial vapor 
tension in the dispersed phase, the greater is the possibility of its mi- 
gration in the upper lithosphere. The force causing the diffusion of 
an ion from a place (A) to another (£) consequently depends on the 

253 



GEOCHEMISTRY 


difference between the partial vapor tension of the ion in the dis- 
persed phase at A and at B, i.e., on the vapor tension gradient be- 
tween A and B. The ions contained in the dispersed phase start to 
migrate from A, where the chemical activity is high, and, in order to 
re-establish equilibrium between the solid phase and the dispersed 
phase at A, new ions are transferred from the structures of minerals 
into the dispersed phase. At B, where, owing to external factors, 
chemical activity is low, the ions of the dispersed phase will enter the 
solid phase, and equilibrium is reinstated by the migration of new 
ions to B. Consequently, three stages may be distinguished in the 
transfer of matter, viz., dispersion of atoms and ions at places of high 
chemical activity, migration or diffusion of the dispersed particles to 
places with lower chemical activity, and transfer of the particles from 
the dispersed phase to the solid structures (consolidation). 

The difference between the chemical activity of a given structure 
at A and at B depends on the difference in temperature, pressure, 
chemical composition, concentration, and stability of phases between 
A and B and on the grain size of the solid phases at A and B. All this 
indicates that certain gradients between A and B are the condition 
of migration. According to Ramberg, the explanation of migration is 
not necessarily the mechanical transportation of a separate liquid or 
gaseous phase. Purely chemical forces, that is, differences of chemical 
activity in a metamorphic field, are the primary cause of migration. 

In Ramberg’s discussion the approach lies in the application of the 
vapor tension of compounds and of their constituents, but Bugge 
(1945) thought that a better approach is the application of chemical 
potentials in all diffusion processes. Differences in external pressure 
induce differences in chemical potential, and this causes the migra- 
tion from places of high pressure to those of low pressure. Bugge dis- 
tinguished between three ways of migration, viz., migration through 
solid, through liquid, and through gaseous phases. 

The ionic migration through a mineral structure in the solid state 
may take place in the following ways : through open spaces and chan- 
nels in the structure; by means of isomorphic substitution; or by 
means of vacant positions in the structures, into which the neighbor- 
ing ions may jump; and along the boundaries of the crystals. It is 
evident that ionic migration through solid substances is greatly fa- 
cilitated by the presence of disorder and defects in the structures. If 
a fluid intergranular phase exists, the transport along the intergranu- 
lar film is too slow to prevent the diffusion through the structure. The 
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anions O 2 ", OH", Cl", and F" have big radii and probably will diffuse 
along the crystal boundaries, whereas the cations are smaller and 
may diffuse both through the structures and along their boundaries 
at approximately the same velocity. If no open channels exist in the 
rock, the migration must take place through the minerals or through 
the interstices between them. If the interstices are large, they serve 
as channels for most of the migration, but toward deeper layers in the 
crust the size of the pores will gradually decrease, and ionic diffusion 
through the mineral structures probably will begin to dominate. The 
rocks in the upper lithosphere, at the levels of metasomatic meta- 
morphism, are soaked in a dispersed system of particles which moves 
through the interstices of the minerals and through the minerals 
themselves and tends to alter metasomatically every part of the 
rocks. 

Increase in pressure produces a decrease in intergranular dimen- 
sions and consequently decreases the rate of intergranular diffusion. 
Increase in pressure also tends to produce more closely packed struc- 
tures, and therefore the free space between the atoms and ions in 
structures decreases, and the rate of internal diffusion also decreases. 
The alkali metals are highly compressible, and consequently they be- 
come mobilized by high pressure. The greater compressibility of 
potassium, compared with that of sodium, may account for the pref- 
erential increase in the rate of diffusion of potassium ions with pres- 
sure. Bugge also thinks that the rate of diffusion through solid struc- 
tures will increase with depth in the lithosphere because great differ- 
ences in chemical potential and in chemical activity are encountered 
in the deep zones. 

The rate of ionic diffusion depends on the size of the ion. Backlund 
(1936) found that the rate of diffusion of potassium, sodium, alumi- 
num, and silicon in contact zones between granite and limestone de- 
creases with increasing ionic radius. Bugge (1945) and Lapadu- 
Hargues (1945; see under “Granitization,” p. 200) arrived at a simi- 
lar conclusion, whereas in Bamberg’s opinion (1946a) the mobility of 
Mg and Ca is usually low, but K, Na, Si, Fe, Mn, Li, and Be diffuse 
at high speed through ordinary rocks. 

Rosenqvist (1947) pointed out that the application of the prin- 
ciples of Bamberg and Bugge to geological phenomena does not al- 
ways seem to be consistent with the conditions actually existing in 
the upper lithosphere. In Rosenqvist’s opinion, the discussions pre- 
sented by Bamberg and Bugge are of only theoretical interest, except 
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for reactions that take place in the solid state, in which case a dis- 
persed phase is not present. According to Rosenqvist, a dispersed 
phase probably is always present, as an extremely thin film in the 
intergranular fissures found in all rocks. The adsorption phenomena 
taking place in the intergranular film are of high importance for the 
metasomatic processes. The nature of the solvent forming the dis- 
persed phase also plays an important part in recrystallization and 
transportation. Actually, diffusion may operate both from high pres- 
sure to low pressure and vice versa. 

Verhoogen (1948) emphasized the importance of surface phenom- 
ena as a controlling factor in metasomatic metamorphism. The effect 
of a solution impregnating a rock, according to Verhoogen, not only 
depends on temperature, pressure, permeability, and other factors 
usually considered in this connection but also on the magnitude of 
surface tension of the solution against the various minerals, the shape 
and size of the mineral grains and of the cavities and pores between 
the grains, and on the partial molar volume of the various constitu- 
ents of the solution. Therefore, in a multicomponent system consist- 
ing of rocks and impregnating solutions, the precipitation and solu- 
tion processes are extremely complicated. Even though the presence 
of a solvent is not necessary and material may be transported by dif- 
fusion, the solvent will accelerate the diffusion, which is a rather slow 
process at ordinary temper atures. This type of diffusion is independ- 
ent of all external factors, such as temperature, pressure, and shear- 
ing stress, and depends essentially on the magnitude of intermolecu- 
lar forces and on the type and closeness of packing in the structures. 

In pneumatolytic and hydrothermal metasomatism the elements 
introduced are often those in which the silicate melt that produced 
the solutions and gases is itself deficient; thus skarns rich in silicate 
minerals of iron and magnesium are formed at contact zones between 
granite (granodiorite) and limestone. This is the rule of polarity 
(Lodochnikov, 1936). 

The metasomatic changes often pronouncedly affect the chemical 
composition of rocks. According to the elements introduced, the 
metasomatic processes may be divided into the following five groups 
(Eskola, 19396): 

1. Introduction of alkali metals (alkali metamorphism) 

2. Introduction of calcium (lime metasomatism) 

3. Introduction of iron, magnesium, and silicon (iron-magnesia-sili- 
cate metasomatism) 
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4. Introduction of boron, lithium, fluorine, chlorine, sulfur, silicon, 
and tin (boron metasomatism, etc.) 

5. Introduction of carbon dioxide (carbon dioxide metasomatism) 

Quantitatively, the metasomatic processes still are little investi- 
gated. Sometimes the amounts of elements introduced are enormous. 
Emmons and Calkins (1913) presented evidence that the quantity of 
scapolite formed metasomatieallv in the sediments of the Philipsburg 
area in Montana in the United States corresponds to the introduction 

TABLE 5.58 


Minimum Estimates of Metasomatically Intro- 
duced and Removed Compounds in Limestones 

AROUND THE OPHIR HlLL CONSOLIDATED MINE IN UTAH 


Introduced Compound 

Quantity in Tons 

SiO, 

900,000 

AloOs . . 

270,000 

NaoO 

10,000 

K 2 0 

100,000 

H 2 O+ 

22,000 

TiO. 

11,000 

PA 

9,000 

S 

12,000 

FeS, 

380.000 

PbS 

200,000 

ZnS 

200,000 

Cu 

5,000 

E 

3,000 

Total 

2,182,000 

Removed Compound 

Quantity in Tons 

MgO 

64,000 

CaO 

1,026,000 

co 2 

964,000 

Total 

2,054,000 


of an amount of chlorine that must be measured in cubic kilometers 
at ordinary temperature and pressure. Gilluly (193*2) found that a 
very remarkable transfer of material occurred during the metasomat- 
ic production of sulfide-ore bodies in limestones in the Stockton and 
Fairfield quadrangles in Utah in the United States. For an area of 
about 280,000 m 2 , in which the thickness of the limestone beds is 
about 18 m, Gilluly gives the estimates of the minimum quantities 
of materials introduced and removed shown in Table 5.58. The quan- 
tities of the minor elements, such as titanium, phosphorus, sulfur, 
and fluorine, are especially remarkable, considering the fact empha- 
sized by Gilluly that his estimates actually may represent less than 
a quarter of the total brought into the area investigated. 
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Endogenic Migration of Matter in 
the Lithosphere 

No thermodynamic equilibrium has been fully established in the 
Sial crust in places where chemical activity gradients exist. It may 
be proved by thermodynamic reasoning that an equilibrium would 
be established in the lithosphere if the rocks were arranged, according 
to their properties, into concentric and coherent shells. However, at 
least in the salic continental masses, no concentric arrangement has 
been attained, and the geochemical differentiation phenomena in the 
upper lithosphere, along with the radial and tangential movements 
of the rock masses, suffice to prevent the achievement of thermody- 
namic equilibrium. Geochemical differentiation, mountain-building 
processes, and isostatic movements, together with other causes, set 
up thermodynamic disequilibria in the Sial crust, but they also start 
the endogenic migration of matter, which tends to reinstate the equi- 
librium. At the deep levels of the upper lithosphere that are no longer 
affected by the mountain-building movements, approximate equi- 
librium has probably been reached because, at the elevated tempera- 
tures and high pressures prevailing in the depths, the velocity of dif- 
fusion is higher than at the upper levels. Near the surface the rate of 
diffusion and the chemical activity are low enough completely to 
suppress the migmatitization processes w r hieh constitute the most 
important form of migration of matter in the upper lithosphere. The 
boundary of the zone of migmatitization is called the migmatite 
front. Its depth in the Earth’s crust varies in the different geological 
units. 

The endogenic migration of matter in the lithosphere is geochemi- 
cally characterized by its selectivity, which means that under given 
circumstances certain elements are able to migrate more readily than 
others. The pressure of dispersion depends, among other things, on 
the structure and composition of the minerals, and the mobility of 
the atoms and ions constituting the minerals depends on the atomic 
weight and density of the dispersed structures or particles. With in- 
creasing pressure the heavy atoms often may pass into the dispersed 
phase more readily than the light ones, and structures of low density 
disperse more readily than those of high density. As a matter of fact, 
the elements with high atomic number are relatively readily mobi- 
lized and become enriched in granites and in low-temperature assem- 
blages in general, i.e., in rocks and minerals that may be assumed to 
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have formed through rather significant circulation and migration of 
matter. 

The effect of the gravitational field on chemical equilibria in the 
Earth’s crust was also thermodynamically analyzed by Bamberg 
(1946&, 1948). He concluded that some elements with low Active 
density (atomic weight divided by Active molar volume) will chemi- 
cally squeeze out of the deeper levels of the crust. Consequently, 
water, silica, carbon dioxide, and oxygen are squeezed out from min- 
erals at great depth and diffuse upward and may participate in 
metasomatic reactions. In addition, ions of large dimensions and of 
low Active density, such as K>, Naq and F~, will squeeze out of the 
minerals or magmas and migrate upward, being, in part, responsible 
for migmatitization and granitization. Higher oxides of iron are simi- 
larly unstable and split into oxygen and iron. In general, elements 
with high Active density tend to become gradually concentrated at 
the lower levels in the crust, and the elements with low Active den- 
sity migrate upward unless the interatomic binding forces counteract 
gravity. Gravity also affects the distribution of oxygen at different 
levels in the crust. Therefore, the redox potential varies, partly be- 
cause of upward diffusion of oxygen and partly because of downward 
movement of the elements with high Active density. 

Barth (1948) applied Bamberg’s analysis to a theoretical study 
dealing with the cycle of oxygen in the upper lithosphere. Because the 
bulk of the lithosphere consists of oxygen and because the big O 2- 
ions probably are rather stationary, cations will migrate in the glassy 
oxygen solvent and produce a vertical oxygen gradient. When highly 
oxidized sediments and surface rocks are pushed down in orogenic 
movements, oxygen is released and gradually returns to the surface, 
partly in rock-making minerals, partly as w’ater and carbon dioxide. 
Atomic oxygen may also form from dissociating oxide minerals at 
high temperatures and pressures. 

It is evident that migration phenomena are highly important in 
molding the chemical composition of the uppermost lithosphere. Ran- 
kama (1946) found evidence of a global migration of elements in the 
Earth’s crust that causes the separation of many elements into two 
groups, viz., the granitophile and the granitophobe elements. The 
granitophile elements are those known to be especially enriched in 
granitic rocks, either of igneous or of quasi-igneous origin. They en- 
deavor to concentrate in the outermost parts of the crust, whereas 
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the granitophobe elements are pushed down toward the basaltic 
substratum (see chap. 10). 


GRANITIZATION 

When a truly magmatic phase (silicate melt) is incorporated into 
the metasomatic rearrangement of a rock, the product is a migmatite 
or a mixed rock. Probably the migmatitizing liquid usually is a gra- 
nitic residual melt rather than an aqueous hydrothermal solution. 
Other migmatites may be the result of differential anatexis of origi- 
nally solid rocks. The third possibility of migmatitization is a molecu- 
lar diffusion by means of a liquid phase or in the solid state. All these 
processes tend to give a granitic composition and appearance to rocks 
of highly varying origin and chemical composition. It is probable that 
all these factors are effective in the production of huge masses of 
granite of a typically igneous appearance. 

The granitization or the formation of granites in migration, ana- 
texis, and palingenesis is one of the key problems of metamorphic 
petrology. Evidence of granitization is found in every orogeny, and 
probably granitization processes characterize certain stages of all 
orogenic cycles. 

Actually, all rocks in the uppermost crust are nothing but islands 
in a solid granitic ocean. The gravitative stratification of the upper- 
most lithosphere, according to common belief, has resulted in the 
formation of an upper granitic crust lying upon a basic layer, gab- 
broic or basaltic in composition. Eskola (19326) expressed the view 
that the gravitative stratification is probably due to two processes, 
viz., crystallization differentiation, combined with the squeezing-out 
of the residual melt, and partial re-fusion of already solidified rocks, 
with subsequent squeezing-out of the molten part. The two processes 
produce a fluid, called the granitic ichor, which slowly rises into the 
superposed rocks and gives them a granitic or granite-like composi- 
tion. The chief constituents of the ichor are silicon, aluminum, sodi- 
um, and potassium, which are concentrated in the last differentiates 
during the magmatic crystallization and which also are the first ele- 
ments to become mobilized in anatexis. Oxygen and hydroxyl ions 
also migrate in the ichor, along with the four cations. According to 
Bugge (1945), radioactive elements are often mobilized in remelting 
and migrate in the ichor. The distance that the ichor moves may 
range from a few millimeters to several kilometers. There is probably 
enough time to account for a long-distance migration of the ichor, but 
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a long-distance diffusion through solid minerals, in Bugge's opinion, 
must still be considered hypothetical. 

However, it does not seem necessary for the ichor, which may be 
called a dispersed system of particles, always to be a liquid. Ionic dif- 
fusion may also be applied to account for granitization, and it is 
probable that both pore solutions and diffusion in the solid state par- 
ticipate in the process. Granitization evidently is one of the most im- 
portant manifestations of the migration of matter in the upper litho- 
sphere. 

If the principles of migration are applied to granitization, the 
mechanism of the process may be explained in the following way: The 
binding forces in the quartz and feldspar structures are rather weak. 
Consequently, the ions will disperse readily from these structures and 
migrate to places where chemical activity is low and where consoli- 
dation will take place. According to Bamberg (1945c, 1946a), the 
"chemical activity, because of pressure differences, is lower below the 
geosynclines than below the continents. Therefore, dispersion of 
matter will take place under the continents, the direction of migra- 
tion is toward the geosynclines, and consolidation takes place below 
the geosynclinal sediments. Here the chemical activity is low enough 
to cause the formation of even quartz and feldspar from the migrat- 
ing atoms and ions. As long as the basic layer of the lithosphere is 
incompletely differentiated, it is responsible for the granitization, 
either by the slow upwelling of granitic magma or by diffusion. 

Migmatitization and granitization are nothing but contact meta- 
somatism of regional dimensions. Similar mechanisms may be held 
responsible for the formation of other quasi-igneous rocks, i.e., those 
produced by granodioritization, gabbroization, and other comparable 
processes. 

The discussion of granitization presented above shows that igne- 
ous-looking rocks are believed to exist which have not crystallized 
from a melt but are produced by reactions in the solid state, viz., dif- 
fusion and migration of huge dimensions in the uppermost litho- 
sphere. Therefore, it is probable that all gradations exist from juve- 
nile granites of a truly magmatic origin to metasomatic granites and 
to palingenetic granites formed by differential or total anatexis under 
the action of granitizing liquids and vapors or entirely by the migra- 
tion of atoms and ions resulting from a chemical or thermodynamic 
instability in the Earth’s crust. 
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The statistical studies of Lapadu-H argues (1945) showed that in 
rocks submitted to regional metamorphism of varying intensity the 
concentration of certain elements varies and depends on the differ- 
ences in the mobility of the elements in metamorphic processes. The 
order of decreasing mobility, according to Lapadu-Hargues, is 

Fe 2 - and Mg 2 - > Na+ > Ca 2+ > K+ > Ba 2+ . 

The mobility is evidently a function of the ionic radius. Ferrous iron 
and magnesium, which have the smallest ionic radii, are the most 
mobile elements among those investigated. During granitization they 
tend to become concentrated in the least altered sediments, farthest 
from the totally granitized ones. This agrees with field observations, 
which show that iron and manganese are mobilized in migmatitiza- 
tion and granitization and become concentrated in the so-called basic 
front, which is the precursor of the fronts of migmatitization and 
granitization. Reynolds (1946) has shown that phosphorus, man- 
ganese, and titanium are also released in granitization and that these 
elements, along with iron, magnesium, some potassium, and some- 
times sodium, are all fixed in the basic zone beyond the zone of granit- 
ization. There is field evidence wdiich show T s that a basic zone, in one 
form or another, actually is connected with all granites, independent 
of their origin. The iron-magnesium front is particularly well devel- 
oped in rocks that initially w r ere relatively basic, and such rocks often 
remain as basic inclusions in the granites. Because the content of 
femic constituents in the basic zone is high, the zone is relatively im- 
poverished in silica (zone of desilicification) . According to Reynolds, 
the materials of the basic front are constantly being driven out from 
zones in which the granitization has been completed into the neigh- 
boring ones, in which they act as precursors of the front of granitiza- 
tion. Potassium, however, is also strongly concentrated in the rocks 
representing the final stage of granitization. 

The results presented above show that there is a mutual depend- 
ence between granitization and basification. According to Reynolds 
(1946, 1947), in every instance for which adequate chemical data are 
available the emplacement of granitic bodies has been accompanied 
by the introduction of calcium, iron, and magnesium into both 
aureoles and inclusions, and the basified rocks have been granitized 
only subsequently. 

It is evident that magmatic differentiation is not the only process 
capable of producing great quantities of igneous-looking deep-seated 
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rocks. The silicic rocks, In particular, often seem to be the result of 
metasomatic processes in the upper lithosphere, and therefore the 
classical theory of differentiation by crystallization evidently loses 
some of its significance. However, the theory of magmatic differenti- 
ation explains the behavior of the elements during the crystallization 
of rock melts and consequently is Important as the basis of the esti- 
mation of the mobility of the elements in metasomatic metamor- 
phism. 
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GEOCHEMISTRY OF THE 
HYDROSPHERE 

OCCURRENCE AND AMOUNT OF WATER ON THE EARTH 

T HE lithosphere is partly covered by a water blanket called the 
hydrosphere. Actually, the greater part, or 70.8 per cent, of the 
Earth’s surface is covered by water. The oceans form by far the 
greatest and most important part of the hydrosphere. The total area 
of all oceans, including the adjacent seas, is, according to Kossinna 
(1921), 361.059 *10 6 km 2 , their total volume being 1,370.323 -10 6 km 3 . 
The area of all dry land is 148.892 -10 6 km 2 . The mean depth of the 
oceans is 3,795 m. Assuming the density of the ocean water to be 
1.026 g - cm" 3 , one finds the total mass of the ocean to be 14,060 *10 2 ° g, 
or 14,060 Gg. 1 

Salt water also occurs on some isolated areas on all continents. 
This water never reaches the sea but gathers in depressions forming 
alkaline or salt lakes. 

Fresh w^ater occurs in the soil as ground water and in the pores of 
rocks as hygroscopic Tvater. It flows to the surface of the Earth as 
spring water, fills the ponds and lake basins, and flows in rivers and 
streams as surface water. The permanent fields of snow, the glaciers, 
inland ice, and permanent ice at high altitudes consist of frozen 
water. Ground water mixed with juvenile water enters the volcanic 
emanations and hot springs. The cavities of rocks and their minerals 
contain salt solutions which may be of primary magmatic origin, 
whereas other solutions consist of w r ater of meteoric origin trapped 
in the rocks. According to TV. Halbfass (in Meinardus, 1928), the 
total volume of water in lakes and that of the river and ground water 
are approximately 250,000 km 3 , whereas the volume of ice is many 
times higher. It is calculated that 10.1 per cent of the total land area 
is now covered by ice and snow. The total area of the existing glacier 
ice is 15,100,035 km 2 , and its volume is 9,528,249 km 3 (S. Thorarins- 

X. One geogram, or Gg, is 10 20 g (Conway, 1942). 
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son; according to Flint, 1947). If all this ice melted to water, the cor- 
responding rise of sea level would be around "24 m, minus an allow- 
ance due to the isostatic adjustment of 5-10 m. The volume of water 
vapor in the atmosphere corresponds to about 13.000 km 3 water, its 
mass is 13 • 10 1S g, or 0.13 Gg. 

Goldschmidt (1933a) estimated that for every square centimeter 
of the Earth’s surface there are 273 liters of water, made up as fol- 
lows : 

liters kilograms 

Seawater 268.45 or 278 11 

Fresh water 0.1 01 

Continental ice 4.5 4 5 

Water vapor. 0.003 0.003 

It might be noted that the amount of the different kinds of water 
changes continually. Juvenile water is constantly added to the sur- 
face waters. The amount of water in glaciers and continental ice is 
bound to change according to the variations in the climate, as is the 
case during the present glacier shrinkage. 

According to the above figures, the fresh water, ice, and atmos- 
pheric water form only about 2 per cent of the total amount of all 
water present in the hydrosphere. This figure has but little effect on 
the calculation of the average composition of the hydrosphere, and 
it is consequently appropriate to state that the composition of the 
hydrosphere is that of ocean water; the other parts of the hydro- 
sphere may be omitted in this connection. 

Water possesses some unique physical properties which are not 
without importance as far as its geochemical behavior is concerned. 
Studies of related compounds show’ that the freezing point of pure 
water should lie at —150° C. and its boiling point at —100° C. The 
values actually observed, viz., 0° C. and 100° C., respectively, are 
explained by the polymerization of water. Another fact of importance 
in the geochemistry of water is that, among all liquids, it is especially 
suitable to the various needs of organisms. 

All natural wmters in their various states are actually rocks formed 
by the mineral water, H 2 0. The natural waters are, however, never 
pure because they contain various gaseous or dissolved and particu- 
late impurities. As pointed out by Vernadsky (1930), the w’aters form 
a very cohering group because water changes easily from one physical 
state into another, depending on the thermodynamic circumstances 
prevailing in Nature. Thus gaseous, liquid, and solid w’ater are al- 
ways found to coexist. 
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WATER IN THE CAVITIES OF MINERALS AND ROCKS 

Rocks are known to contain salt solutions in their cavities or as 
microscopic or larger inclusions in their minerals. The discussion in 
chapter 5 has shown that water is, quantitatively, the most impor- 
tant constituent of volcanic emanations. During the crystallization 
of magmas, water, along with other volatile constituents, is concen- 
trated toward the later stages of the process. 

H. C. Sorby, in 1858, made the first thorough study of the micro- 
scopic cavities of rock minerals and proved that the liquid found 
therein consisted of water with dissolved chlorides and sulfates of al- 
kali metals and calcium. Analyses of liquid in inclusions in quartz of 
Alpine mineral vugs were made by Konigsberger and Muller (1906a, 
b ), who give the average composition for these liquid inclusions, 
shown in Table 6.1. 

TABLE 6.1 

Average Composition of Liquid from 
Inclusions in Quartz 


Compound Per Cent by Weight 

HaO 85 

C0 2 5 

Na 2.5 

K, Li . 15 

Ca 0.3 

C0 3 3.5 

Cl 15 

S0 4 0.7 

Total 100.0 


Faber (1941) published a number of analyses of salt solutions, 
chiefly from the cavities of granites. His results showed that the 
quantity of salt solution in the cavities amounted to 0.13-0.40 per 
cent by weight of the rock. The liquid contained between 6.6 and 22 
per cent of dissolved salts. The total salts amounted to 0.133-0.737 
parts per thousand by weight of the rock. Some of Faber’s analyses 
showing the composition of the salt solutions are given in Table 6.2. 
Chlorides predominate in the salt solutions from granites. Similarly, 
the chlorides are the chief salts in the cavities of pegmatite quartz, 
whereas sulfates predominate in pegmatite orthoclase. 

Large reservoirs of water are sometimes met in mines, impounded 
in the rocks. Bruce (1941) published an analysis of a mine water 
which is reproduced in Table 6.3, together with the analysis of a 
mine water presented by Clarke (1924). These waters are very pure 
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TABLE 6.2 


Composition of Salt Solutions Found in 
the Cavities of Rocks 


Rock ! 


Assumed Salts, Parts 
per Thousand 


Total Water in ' 
Salts, 1 Cavities, / 
Parts per , Per Cent 


Thousand 


rt 


Salts, 

Per 

Cent 

by 



NaCl 

KCI 

i 

NasSOs 

! , BY VS EIGHT > WEIGHT 

; _ ^ i of 

r- n rrx OF KOCK ' OF HOCK T 

K 2 SO 4 ; CaSO* ! 1 , Liquid 

R^nne granite, pre- 




} 1 i ! 

Cambrian, Born- 





holm, Denmark. . . 

0.120 


0.185 

0 102 | | 0 407 ; 0 20 ; 17 

Svaneke granite, pre- 




I i * i 

Cambrian, Born- 




S | 

holm, Denmark. . . 

0.S15 

0 240 


0.097 ! 0.085 > 0 737 j 0 3S , 1C 

Granite, Permo-Car- 




! ; 

boniferous, Prince- 




j ; 

town, Devon, Eng- 




1 1 

land 

0 371 


0.034 

j 0 037 i 0 442 0.40 ; 10 

Basalt, Trangisvaag, 




li t; 

Sudero, Faeroe Is- 




! ! i 

lands 

0.108 


0.138 

! 0 245 ! 0 23 10 

1 * ii 


TABLE 6.3 

Composition of Mine Waters 


Constituent 

Water, Sturgeon , Water, Quincy 
River Gold ' Mine, Hancock, 
Mine, Canada ' Michigan, U.S.A. 


Per Cent by Weight 

Cl 

! 

63.32 

63.55 

so 4 

0 02 

0.01 

co 3 

nd. 

0 01 

P04 

n.d. 

0 

Na 

7.24 1 

5 63 

K 

0 002 

0 

Ca 

29.40 j 

30 78 

Mg 

trace j 

0 01 

A1 

n.d. 

0 

Fe (ferrous) 

dA - ; 

0 

Mn, Co 

n.d. j 

0 

SiOs 

n.d. | 

0 01 

Au 

0 , 

n.d. 

Total 

99 982 

100 00 

Salinity (p.p.m.) 

154,950 | 

212,300 
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chloride waters, containing calcium and sodium as the only impor- 
tant cations. 

Liquid carbon dioxide is a common constituent of inclusions in 
quartz. Hydrocarbons or petroleum-like substances and hydrogen 
sulfide are also reported to occur as liquid inclusions in minerals. 
Newhouse (1932) found NaCl and CaCb in galena and sphalerite 
cavity solutions in minerals from localities widely differing in their 
geological relations. The presence of these chlorides suggests that the 
sulfides were carried in solution chiefly with sodium chloride. 

During weathering the cavity solutions are liberated, except from 
the most resistant minerals, and are subsequently incorporated into 
the weathering solutions. 

GROUND WATER 

Ground water is an aqueous solution of chiefly bicarbonates, sul- 
fates, and chlorides of the alkaline-earth and alkali metals. The 
amount of the dissolved solids depends on several factors, e.g., the 
origin of the water, the composition of the adjacent rocks and soils, 
and the length of time that the water has been in contact with the 
surroundings. 

The meteoric waters, i.e., those of atmospheric origin, contain car- 
bon dioxide and small amounts of dissolved substances derived from 
the atmosphere. Upon entering the soil and rocks, they first incor- 
porate soluble constituents, both inorganic and organic, from the soil. 
Additional carbon dioxide is also derived from humus and other or- 
ganic substances, partly by the action of dissolved oxygen in the 
water. The ground water charged with carbon dioxide is a powerful 
weathering agent, able to break up nearly all minerals and to form 
new compounds consisting of carbonates, bicarbonates, and sulfates 
of sodium, potassium, calcium, and magnesium, soluble alkali sili- 
cates, and free silica in true or colloidal solution. On the other hand, 
aluminum, iron, and silica remain, for the most part, in the insoluble 
residue. The rate of decomposition depends on the chemical composi- 
tion and physical properties of the rock minerals and on the temper- 
ature. Sodium and potassium are leached out rapidly, whereas the 
rate in the case of calcium and magnesium is lower. 

Another group of ground waters, called connate waters, contains 
substances which were present in solution at the time that the sedi- 
ment beds soaked with such waters were deposited. 

A number of physical and chemical causes are active in changing 
the composition of the ground waters percolating through soil and 
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rock. The concentration may change through evaporation. Base ex- 
change, adsorption, oxidation of sulfides, and reduction of sulfates 
cause changes in their chemical composition, as well as the mixing 
with other waters, e.g., connate waters. Base exchange usually results 
in the softening of the ground water when brought into contact with 
materials releasing sodium In exchange for calcium and magnesium. 
On the other hand, concentrated NaCl solutions may substitute sodi- 
um in minerals in exchange for calcium and magnesium previously 
removed from hard water. The bases and acids formed by the hy- 
drolysis of salts of weak acids and strong bases, or vice versa, are read- 
ily adsorbed without substitution. Consequently, the bases formed 
from alkali and alkaline-earth carbonates, silicates, and phosphates 
are adsorbed to form silicates, whereby the concentration of the acid 
radicle may increase considerably. On the other hand, the silicate and 
phosphate anions of the alkali silicates and phosphates are partly re- 
moved by soils, chiefly by reactions with Fe OH) s and Al(OH) s , 
which lead to the formation of insoluble compounds. The reduction 
of sulfate in ground water is attributed to the presence of organic 
matter and sulfate-reducing bacteria. 

The composition of ground water is very variable, ranging from 
that of nearly pure rain water (see chap. 7) to that found in mineral 
wells and springs. 

SPRING WATER 

The composition and salinity of spring water depend on local con- 
ditions. Sulfates and carbonates are the most important constituents 
of spring water, whereas chloride is usually less important. The silica 
content may sometimes be rather high. Calcium is, quantitatively, 
the most important cation, and consequently the spring and well 
waters are hard. Two analyses of spring water given by Clarke (1924) 
are reproduced in Table 6.4. Usually the amount of carbonate ex- 
ceeds that of sulfate, but, if much sulfides or sulfates are present in 
the percolated beds, the content of sulfate may be very high. 

Pfeilsticker (1936) investigated the Ba:Sr ratio in spring water 
percolating through formations of different geological age in the 
Stuttgart area in Germany. Notwithstanding the great similarity in 
the hardness of the waters, notable variations were found In the 
Ba : Sr ratio : 

Springs in Average Ba * Sr ratio 

Lias a 0.16 

Ken per I - 

Muschelkalk 1 0 

BimUandstein 5.6 
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Thus the Ba:Sr ratio in many cases offers a clue for distinguishing 
between the various formations. 

WATER IN LAKES AND RIVERS 

On its way to lakes and rivers the flowing spring w r ater changes 
rapidly in composition, owing to mixture 'with precipitation, surface 
waters, and other ground waters. Pollution by sewage and industrial 
waste waters may also cause very considerable changes in the chemi- 

TABLE 6.4 

Analyses of Two Spring Waters from 
the United States 


Constituent 

Carbonate-domi- 
nant Water. 
Spring near 
Magnet Cove, 
Arkansas 

Sulfate-dominant 
Water. Spring 
near Mount Mica , 
Paris, Maine 

Per Cent 

co 3 . . .. .. . . 

53 59 

6 22 

S0 4 

3 40 

60 97 

Cl 

1 35 

trace 

Ca... 

30 95 

22 37 

Mg. . 

3 45 

2 62 

Na ... . . . 

1 OS 

4 32 

K 

0 63 

0 21 

Si0 2 

5 55 

2 SO 

Fe 2 03 

n.d. 

0 49 

Total 

100 00 

100 00 

Salinity (p.p.m.) 

224 

606 


cal composition of the waters. Some dissolved substances may be 
precipitated and others brought into solution from the beds of the 
streams. Changes in composition are particularly met in the water of 
small rivers, whereas the composition of water in the great rivers is 
more constant. 

Lake Water 

Analyses of water from some Alpine lakes, originally published 
by F. E. Bourcart, are given in Table 6.5 in the form recalculated by 
Clarke (1924). The water of Lac de Champex represents water de- 
rived from igneous and metamorphic rocks. The Lac Noir occurs in 
metamorphosed arenaceous and argillaceous sediments (. Flysch ), 
whereas the water of Lac Taney is typical of those derived from cal- 
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careous rocks. In all these waters calcium is the predominant cation, 
and carbonate is found in two of the waters in excess of sulfate and 
chloride. Sodium, potassium, and silica are high in waters which 
emerge from areas of igneous and metamorphic rocks, with the ex- 
ception of limestones. 

River Water 

Water is the most important and efficient of all solvents. The pre- 
cipitation on land contains cyclic salts, dissolved gases, and nitrogen 


TABLE 6.5 

Analyses of Water from Alpine 
Lakes in Switzerland 


Constituent 

Lac de Ceam:- 
pex, Canton 
Valais 

Lac Nora, 
Canton 
Frieouhg 

Lac Taney, 

■ Canton 

Valais 

Per Cent 

co 3 

29.96 

26 94 

53 21 

so, 

11 93 

3S 35 

5.29 

Cl 

9 96 

0 57 

0 87 

Ca 

19 15 

29 65 

33 74 

Mg 

1.32 

2 27 

1 99 

Na 

8 32 

0 64 

0 75 

K 

4 00 

0 38 

0 74 

Si0 2 

13 93 

0 71 

2 37 

Al 5 0 3 +Fe 2 0 3 * 

1.43 

0 49 

1 04 

Total 

100 00 

100 00 

100 00 

Salinity (p.p.m.) . . J 27 

270 5 

i 122 


* Includes traces of Mn. 


compounds (see chap. 7). Compared with sea water, rain water is re- 
markable for its strong leaching action on rocks because its salt con- 
centration is low T and carbon dioxide content high. The rivers carry 
the weathering products in their Tvater in the form of ionic solutions 
or as colloidal dispersions and particulate substances. The amount of 
all these compounds varies according to the climate and the compo- 
sition and physical properties of rocks and soils in the catchment 
area. Where there is abundant rainfall and much organic matter pres- 
ent in the soil, the ground water becomes notably charged with car- 
bon dioxide. As a result, carbonates dominate in river water and are 
largely in excess over the sulfates and chlorides, and calcium is the 
predominating cation. On the other hand, sulfates and chlorides tend 
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to prevail in waters from arid and semiarid regions, and in that case 
calcium often loses its role as the predominant metal ion. In tropical 
regions the salinity of the river waters is remarkably low because 
there the rivers drain thoroughly leached tropical forests and have not 
very much access to fresh rocks. Consequently, the amount of sulfate 
is relatively low, whereas iron and aluminum are usually rather abun- 
dant and silica is especially high. The great abundance of silica is 
evidently due to the lateritic decomposition essential to tropical and 

TABLE 6.6 

Analyses of River Waters 


Constituent 

Mississippi 
River at New 
Orleans, La., 

U S.A. 

Pecos River, 
New Mexico, 
U.S.A. 

The Amazon 
at Obidos, 
Brazil 

The Mahantddy 
near Cuttack, 
India 


Per Cent 

co 3 

34. 9S 

1 54 

24 15 

27 06 

so 4 

15 37 

43 73 

2 26 

1 08 

Cl 

6 21 

22 56 

6 94 

2 04 

N0a ... 

1 60 

n.d. 

n.d. 

7 44 

P 04 

n.d. 

n.d. 

n d. 

0.72 

Ca 

20 50 

13 43 

14 69 

15 78 

Mg 

5 38 

3 62 

1 40 

4 62 

Na 

| 8 33 

14 02 

4 24 

5 92 

K 

0 77 

4 76 

1 64 

Si0 2 .... 

7 05 

1 

2S 59 

33 45 

AI0O3 . . . 
Fe 2 0 3 

0 45 

0.13 

1 0 33 

r H 97 

J 

n.d. 

0 25 

Total 

100 00 

100.00 

100 00 

100 00 

Salinity (p.p.m.) 

166 

2,3S4 

37 

86 


subtropical regions, which includes the removal of much of the silica 
as the most essential feature. The remaining laterite thus consists 
mostly of hydroxides of Fe 3_f * and Al 3+ . 

Some analyses of river waters from temperate and tropical regions, 
recalculated by Clarke (1924), are presented in Table 6.6. 

Carbonates are the most important constituents of the Mississippi 
water. The Pecos River water is a typical example of the composition 
of river water in arid regions. It has a high salinity and shows the 
predominance of the sulfates and chlorides of the alkali metals and 
has a low carbonate and calcium content. The Amazon and Maha- 
nuddy waters are tropical waters containing predominantly calcium 
carbonate. Their total content of dissolved solids is low. 
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Along with dissolved inorganic substances, the surface waters con- 
tain dissolved gases, chiefly nitrogen, carbon dioxide, and oxygen. 
Hydrogen sulfide is also met. Nitrates, nitrites, and ammonia derive, 
in part, from rain water. A number of organic substances is always 
present in varying quantities. Clarke i'1924) gives the range of the 
percentage of organic matter in the dissolved solids as 3.25-59.90. 
The highest values are found in tropical streams, which are rich in 
humic substances. 

Average Composition of Lake and River Water 

Clarke (1924) has published an extensive collection of reliable 
chemical analyses of lake and river waters, from which the analyses 
given in Tables 6.5 and 6.6 are quoted. According to the calculations 
presented by Clarke, the average content of dissolved substances in 
river water is usually 100-200 p.p.m., or 0. 1-0.2 g L and sometimes 
even more. The average salinity calculated by Conway :T942) from 
analyses given by Clarke is 146 p.p.m. This content is considerably 
lower than the average salinity of sea water, which is 35,000 p.p.m., 
or 35 g/1. The river waters can be divided into two major groups on 
the basis of the composition of the dissolved solids present therein, 
viz., carbonate and sulfate waters. Carbonate waters are the more 
common of the two. This fact is responsible for the predominance of 
the carbonate ion in the average composition of river waters of the 
Earth, as compared with the content of the sulfate ion present 
therein. 

The average composition of the salts of all river and lake waters 
calculated by Clarke (1924) is presented in Table 6.7. Clarke (1924) 
has also estimated that the river drainage brings to the ocean annual- 
ly 2.735 • 10 9 metric tons of dissolved substances. 

Clarke’s average shows that calcium preponderates among the 
cations present in fresh waters. This is a fact of high geochemical 
importance because the amount of calcium in sea water is rather 
small and sodium predominates therein, as is shown by the analysis 
of the dissolved solids from sea water, quoted from Sverdrup, John- 
son, and Fleming (1942) and presented in Table 6.7. Another fact of 
importance is the preponderance of carbonate and sulfate ions in 
fresh water, as compared with the chloride ion in sea water. Calcium 
and a part of magnesium are precipitated in lakes and seas in the 
form of carbonates, which are not readily soluble. Calcium is, in ad- 
dition, precipitated as sulfates, which also are sparingly soluble. Ihe 
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removal of these compounds accounts for the enrichment of chlorine 
in sea water. It must also be noted that numerous marine organisms 
extract large amounts of calcium and magnesium carbonate from sea 
water to build up their shells and skeletons. 

Table 6.7 shows, in addition, the composition of the solids in river 
water, corrected with reference to the cyclic salts carried from the 
ocean to the atmosphere by spraying and deposited by precipitation 
on the continental areas. This analysis is according to Sverdrup, 


TABLE 6.7 

Average Composition of Dissolved Solids in Lake 
and River Waters and in the Sea Water* 


Constituent 

Lake and River 
Water 

River Water 
less Cyclic 
Salts 

Sea Water 

Per Cent 

COc 

35.15 

35.13 

0 41 f 

so 4 

12 14 

11 35 

7 68 

Cl 

5.6S 

0.00 

55 04 

NOs 

0 90 

0 90 


Ca 

20 39 

20 27 

1 15 

Mg . 

3 41 

3 03 

3 69 

Na . 

5 79 

2.63 

30.62 

K. ... 

2 12 

2 02 

1.10 

FeaOr, A1 j0 3 ... . 

2 75 

2 75 


SiO, 

11 67 

11 67 


Sr, HsBOfeBr. .. 



0 31 

Total 

: 

100 00 

! 

S9 75 

100 00 


♦Partly based on material from The Oceans , by H U. Sverdrup, M. W. 

Johnson, and R. H. Fleming. Copyright 1942 by Prentice-Hall, Inc. Used by per- 
mission. 

T As HCOJ. 

Johnson, and Fleming (1942), who believe that all the chloride in 
river water is cyclic. Three more averages for the rain-corrected com- 
position of the solids in river water are presented, according to Con- 
way (1942), in Table 6.8, which also contains Clarke’s average, recal- 
culated by Conway on the basis of the average salinity of 146 p.p.m. 
or g/ton. 

Conway has also investigated the concentration of the more com- 
mon ions in river water as a function of salinity. The concentration 
of calcium, magnesium, and carbonate rises approximately propor- 
tional to the salinity until the latter reaches a value of about 50 
g/ton. Then the rise is steeper but reaches a constant value at about 
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240 g/ton. In sodium, potassium, chloride, and silica there is an in- 
crease with increasing salinity up to a value of 50 g ton. From 50 to 
100 the increase is smaller, and for a salinity between 100 and 200 
g/ton- — where there is the maximum rise in Ca, Mg. and CO- — Iv and 
Cl remain constant and Na and SiCb show a slight decrease. Beyond 
a salinity of approximately 220 g ton, there is a rhe in the concentra- 
tion when that of calcium has reached a practically constant value. 


TABLE 6.S 

Average and Rain-corrected Composition Of- 
Dissolved Solids in River Water 


! 

Constituent 

Composition of j 
Total Ri\ ep. 
Water for 
Salinity of 

146 p p.m. 

Composition of , 

R UN-CO :<?.£<• TED 
“Igneous” 
Water 

Compos:-: -A .u C-v 

R 4IN-i 'OR TED II \ A 

Total R: ed ‘ m 
Wailz 

a it - 1 


Pans per 

MRhoa 


i 

C0 3 - . . .1 

51 2 

15.5 

51 2 

63 1 

so 4 

17 7 | 

0 5 

16 f» 

22 0 

ci ! 

S 30 I 

0.2 

0 0 

0 it 

NO3 . 

1.31 j 

| 



P 0 4 

0 34 ! 




Ca. . . . . . 1 

29 S | 

i 5 s 

29 6 

37 5 

Mg 

5 0 ! 

0 9 

4 4 

5 6 

Na 

S.4 ! 

2 S 

3 S 

4 1 

K 

3 1 ! 

1.6 

2 9 

3 3 

FeaOa, AI 2 O 3 

4 02 1 




SiOs 

17 1 

10 3 

| 17 1 

19 4 

Other constitu- 





ents 


; 1 4 

5 7 

7 1 

Total 

146 27 

, 39 0 

1 131 3 

162 I 

Salinity (p.p.m.) 

146 

1 39 

; i3i 

162 


The sulfate concentration follows an intermediary course between 
the two foregoing groups. Conway explains these changes in the fol- 
lowing way: Up to a salinity of 50 g ton the drainage comes from ig- 
neous and met am orphic rock areas. In the range from 50 to 200 g ton 
a sharp change sets in, with the beginning of drainage from sedimen- 
tary rocks, until saturation is reached at the upper limit for waters 
coming presumably only from areas of sedimentary rocks. The later 
rise in sodi um , potassium, chloride, and sulfate is explained either by 
human contamination on a large scale or by drainage from salt beds 
and semiarid plains rich in salt. 

Conway's calculations show, further, that almost all the chloride 
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drained from igneous and metamorphic rocks and from sedimentary 
rocks is cyclic, being originally contained in rain water and, in the 
latter case, also in connate waters. The amount of chlorides delivered 
by volcanic emanations is found to be only a negligible part of all the 
chloride present in river waters. The values in Table 6.8 are calcu- 
lated on the basis of the assumption that 95 per cent of the chloride 
in water from igneous and metamorphic rocks is cyclic and that all 
the chloride in the total and “sedimentary” w^ater is cyclic as well, or 
comes from connate waters. The total water is calculated as consist- 
ing of three-fourths sedimentary and one-fourth igneous and meta- 
morphic drainage. Similarly, 89 per cent of the sulfate must have 
derived from rain water. No corrections arise for carbonate and ni- 
trate because the bicarbonate content in rain water is very small and 
the nitrate content is comparatively small as well. 

The content of sulfate in “sedimentary” river water is found to be 
more than three times the calculated amount which could be pro- 
duced by weathering. Sulfate deposits, volcanic emanations, and 
burning of coal are insufficient as sources of the excess sulfate, w-hich 
is accordingly attributed to the circulation of volatile sulfur com- 
pounds, chiefly hydrogen sulfide, from the shallow waters of the sea 
to the atmosphere and further to the land surface. The hydrogen 
sulfide is generated by the reduction of sulfates in marine muds, and 
some is formed, in addition, by the decomposition of organic matter 
on the continental areas. 

MINERAL SPRINGS AND HOT SPRINGS 

The water in mineral springs and hot springs differs from ordinary 
well and spring water either in concentration or in composition or 
in both. Local conditions play the dominant role in causing these 
differences. Clarke (1924) classifies these waters according to their 
principal anion. Consequently, the main types include chloride, sul- 
fate, carbonate, and acid waters. There are, in addition, silicate, 
borate, nitrate, sulfide, and phosphate waters and waters of mixed 
character. It is evident that this classification is only approximate 
and rather flexible. 

A noteworthy feature of many mineral springs is their content of 
appreciable amounts of dissolved gases, many of which are held in the 
water under pressure, being released upon the emergence of the 
water onto the Earth’s surface. Carbon dioxide, hydrogen sulfide, 
nitrogen, and inert gases are present in many mineral waters. 
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Analyses of some more typical waters from mineral wells and 
springs are given in Table 6.9. The analyses are selected from those 
recalculated and published by Clarke (1924). 

The water of the artesian well at Abilene, Kansas, is a natural brine. 
Probably many such brines are formed by solution of salts from rock 
salt beds by percolating waters. However, in some cases thermal waters 
may intermingle with brines associated with petroleum deposits 
(Miholic, 1935a) or with connate waters. The salinity of natural 
brines is very high, and sometimes the concentration of some of their 
constituents may reach appreciable amounts; for example, certain 
natural brines from Michigan contain up to 10 per cent magnesium. 
The analyses of mine waters given in Table 6.3 represent waters high 
in calcium. The sulfate waters have a relatively low salinity, which 
is due to the low solubility of calcium sulfate. Some of the carbonate 
and bicarbonate waters are high in calcium, whereas another group 
contains sodium as the predominating cation. The siliceous waters, 
especially those of volcanic origin, contain colloidal silica. The analy- 
sis of the Big Iron Spring in Table 6.9 represents a nonvolcanic 
water, whereas that of the Bench Spring is a siliceous geyser water. 
Two analyses of waters high in nitrates, phosphates, and borates are 
included in Table 6.9. Free acids, either sulfuric or hydrochloric, 
present in mineral springs are the result of the oxidation of sulfides 
or hydrogen sulfide, with the subsequent liberation of hydrochloric 
acid from chlorides, or of admixture of water of volcanic origin. The 
water of Devils Inkpot, quoted as an example of the acid waters, is 
remarkable for its high content of ammonium salts. 

A number of minor constituents is present in mineral waters, part- 
ly leached out from surrounding rocks and partly derived from vol- 
canic emanations. The therapeutic value of mineral waters is largely 
based on the presence of such constituents. Intonti (1939) reports the 
presence of, among others, the following elements in the water of 
Fonte di Fiuggi in Italy: Sr, Cu, Cr, Ba, Zn, V, Sn, Rb, Ag, Pt, Pb. 
Strock (1941) gives the analysis of some mineral waters at Saratoga 
Springs, reproduced in Table 6.10. Strock suggests that the remarka- 
bly high content of zirconium is caused by the presence of calcium 
dicarbonato zireonylate, CafZrOf COs)^], which is stable in the acid 
Saratoga waters with a pH of 5.5, as is also the corresponding tin 
compound, whereas the titanium complex is supposed to be stable 
only in alkaline hot mineral waters. 

The juvenile waters or those of deep-seated magmatic origin are 

277 



TABLE 6.9 

Analyses of Mineral Waters 


'Constit- 

uent 


i 


Rhine 

FROM 

Artesian 

Well, 

Abilene, 

Kan., 

V S A. 


Sr L FATE 
Water 

I ROM! 

Spring 

! NEAR 

I Denver, 
j Colo. 

I us a* 


I 


1 Artesian 
Carbon- 

| ATE 

! Water, 
j La Junta, 
j Colo , 

! USA. 


Silicic 
Water, 
Rig Iron 
Spring, 
Ark , 

U S.A. 


fclLICEQUS 

Geyser 
Water, 
Bench 
Spring, 
Y t ellow- 
stone 
National 
Park, 
Wyo , 

U S.A 


Hot 

Water, 

Parrot 

Shaft, 

Sulphur 

Bank, 

Calif., 

USA.t 


Phos- 

phate 

Water, 

Yiry, 

Seine-et- 

OlSE, 

France 


Acib 

Water, 

Devils 

Inkpot, 

Yellow- 

stone 

National 

Park, 

Wyo., 

U.S.A.: 


Per Cent 


1 

HCli'free. . . ! 








0 18 

H 0 SO 4 , free. 








1 29 

HoB0 3 . . . 1 
Cl 

61 65 

2 62 

4 01 

1.27 

trace 

14 39 

5.11 

2 73 

Br.. . 

0 29 



trace 





1 

trace 



trace 





so, ... . 

0 07 

72 56 

4 26 

3 93 

29 22 

10.06 

7.74 

67 66 

C0 3 . . 



47 45 

41 47 


4.73 

19.46 


NO s 




0 23 



6.33 


P 0 4 




0 03 



22.41 


BO 3 . . . 




0 64 





B 4 O 7 . . . 






40.09 



Na - . 

31 57 

11 23 

40 09 

2.3S 

12.15 

2S.49 

3.32 

0.73 

K . 

trace 

0 22 

0 3S 

0 SO 

2 05 

0 84 

trace 

0 24 

Li... 


trace 

trace 

trace 

trace 


trace 

0.01 

NH 4 . . . 




0 03 


0 02 


22 85 

Ca . 

4 85 1 

0 53 

0 27 

23.54 

trace 

0.44 

30.38 

1.18 

Sr 




trace 





Ba 




trace 





Mg. . 

1 52 

12 79 

0 15 

2 06 

trace 

0 03 

1.21 

0.36 

Mn 

trace 


trace 

0 17 





Fe 

A1 


trace 


\ 0.10 




0.10 

Fe (ferrous) . 

0 05 

trace 

0 14 


0 01 


trace 

Fe,O s . . . 

AlaOi . 



0 20 


\ 5 SO 




Si0 2 

trace 

0 05 

3 05 

22 S5 

^50 78 

0.90 

4 04 

2 67 

Total. . . . 

100 00 

100 00 

100 00 

100.00 

100 00 

100.00 

100 00 

100 00 

Total «alin- 
itv (p.p.m.) 

178,900 

6Q,5S4 

1,668 3 

199 

473 

4,632 

490 

3,365 


* Contains 210 p.p.m. free CO 2 . 

f Contains some organic matter, a little H:S, and a considerable amount of CO 2 . 
I Contains 65 p.p.m. free CO 2 and 5 p.p m. H 2 S- 
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usually characterized by a notable content of heavy metals, whereas 
the concentration of such metals in waters of superficial or vadose 
origin is low or negligible. Other differences also exist in the compo- 
sition of juvenile and vadose waters. Behre and Garrels 1943; state 
that ascending solutions tend to have a lower CahUg ratio than do 
descending ones. They also suggest that many ore deposits may have 
been formed by the mixing of ground waters with warm metalliferous 
juvenile solutions. On the other hand, the formation of supergene 
metalliferous deposits may be caused by the leaching action of acid 
waters, which reprecipitate heavy metals in proper surroundings. 

TABLE 6.10 

Context of Trace Elements in Hayes and 
Orenda Springs, Saratoga Springs, 

New York, U.S.A. 

Element 

(Cl) ('3100 0 

Fe 3 03 

Ti .... <0 0016 

V <0 0016 

Zr . . 0 35 

Sn 0 03-2 

Ain 0.0027 

Co . 0 

Ni 0 000-27 

Be 0 001 


Miholic (1933, 19356, 1947) has presented an age division for min- 
eral waters, based on the presence of characteristic heavy metals in 
waters connected with joints and faults which are caused by tectonic 
movements of varying geological age. The groups with the corre- 
sponding orogenic epochs are shown in the accompanying tabulation. 


Predominating Heavy Metal 

U and its products of disintegration. 

Ni 

Cu 

Sn 

Zn 

Pb 

Hg • 


Grocer ic EpooL 

Algoman -late Archean 
K e ween a wan * Pro! erozoic ■ 
Caledonian 
. Hercynian 

Older Alpine (Cretaceous and 
early Tertiary) 

.Younger Alpine .Miocene 
.Recent 


Some overlapping occurs among these groups, and, besides these 
predominating metals, small amounts of other heavy metals may be 
present in the waters. Because biochemical processes are known to 
be responsible for the enrichment of metals like uranium, copper, and 
vanadium, the classification of the waters is restricted only to those 
of igneous origin. 
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The hot springs are of considerable geochemical interest, since they 
represent the closing stage of thermal activity in volcanic regions. 
There are three great hot-spring areas in the world, viz., the Yellow- 
stone National Park in Wyoming, U.S.A., another in Iceland, and a 
third in New Zealand. The hot-spring activity is intimately related 
to volcanic phenomena, even though the most part of the waters in 
such springs is of meteoric origin. The hot springs of the Yellowstone 
area were studied in great detail by Allen and Day (1935), who divid- 
ed them into three groups: (1) waters with calcium carbonate and 
bicarbonate in solution, (2) siliceous alkaline w r aters, and (3) siliceous 
acid waters, usually containing free acids in solution. Intermediary 
waters occur between these principal types. The character of the 
Yellowstone hot springs is largely determined by the amount of 
ground water and its depth of circulation. The waters of the first 
group contain calcium carbonate derived from limestone and dis- 
solved as bicarbonate by the action of magmatic carbon dioxide. 
When these waters emerge into the open air, carbon dioxide is re- 
leased and calcium carbonate precipitated as travertine. The siliceous 
alkaline w T aters are characterized by chlorides and carbonates in solu- 
tion and by a neutral or alkaline reaction. They also carry notable 
amounts of colloidal silica. An abundant supply of ground water is 
necessary for their formation. The acid or sulfate springs contain free 
hydrochloric or sulfuric acid. They are met where the supply of 
ground water is limited. On such areas there also occur shallow, tur- 
bid springs, containing suspended sulfates. The original chemical 
composition of the deep-seated emanations from the magma is as- 
sumed to be constant. Allen and Day (1935) estimate that only about 
13 per cent of the hot-spring waters of Yellowstone is of magmatic 
origin. 

Water is the most important constituent of volcanic gases. Allen 
and Zies (1923) calculated that the content of water vapor in the 
fumarole gases of the Yallev of Ten Thousand Smokes in Alaska was 
98.65-99.85 per cent by volume. This water is largely surface water. 
Zies (1929) estimated the amount of water vapor exhaled from the 
Valley as 58.5 • 10 s m 3 per hour (calculated as water). Foshag (1948) 
calculates the amount of water vapor emitted by the Paricutin 
Volcano in Mexico as 16 • 10 3 tons of winter per day, the correspond- 
ing amount of lava being 10 5 tons. Also in this case a considerable 
dilution of magmatic emanations by ground water takes place. An 
analysis of condensed water from the Kilauea Crater in Hawaii made 
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bv Day and Shepherd (1913) showed the presence of considerable 
quantities of chlorine, fluorine, and sulfur, a little ammonia, and a 
trace of titanium. Sodium, potassium, calcium, iron, and aluminum, 
although present, were thought to have been largely derived by 
solution from the solidified lava. 

Allen and Day (1935) and Fenner f 1936 J have discussed the chem- 
ical changes caused by the ascending thermal waters in the surround- 
ing rocks in Yellowstone Park. Silica and sodium are the most im- 
portant rock constituents of the issuing waters. Alkali halides are 
carried in the current of water vapor, and carbon dioxide in the 
emanations. At the lower limit of the ground water the water vapor 
condenses, causing the salts to go into solution and subsequently re- 
act with adjacent rocks. The presence of carbon dioxide is the cause 
of the high chemical activity of these solutions. Bases are extracted 
from the rocks, and alkaline solutions are formed which remove silica 
in colloidal solution. The excess of alumina remains in clay minerals: 
heidellite is found in the lower levels, and kaolinite in the uppermost 
parts of the altered rocks. Kaolinite is known to be formed in acid 
solutions, whereas beidellite is attributed to alkaline surroundings. 
Consequently, it is concluded that the thermal waters near the sur- 
face are acid and that the alkaline waters occur below, where bicar- 
bonates have neutralized the sulfuric acid, originally formed by the 
oxidation of magmatic hydrogen sulfide by the oxygen dissolved in 
the percolating solutions. The most notable reaction between the 
thermal waters and the adjoining rocks consists of the addition of 
silica and molar replacement of sodium (and calcium) in the feldspars 
by potassium. 

WATER IN CLOSED BASINS 

In semiarid and arid regions, where the amount of precipitation is 
only moderate or small, the soluble weathering products of rocks re- 
main in the soil or are transported to depressions, where the rate of 
evaporation is too rapid to allow the accumulation of any consider- 
able body of water. There great quantities of dissolved matter are 
deposited and finally form alkaline or salt lakes or even dry salt beds. 
The salt solutions may also seep downward, carrying the mineral 
matter along. When the soil becomes saturated with the brine, a part 
of the latter seeps downward, whereas the solutions remaining close 
to the surface are brought back by capillary action. When the surface 
becomes dry, salts are deposited thereon, usually consisting of sodi- 
um, magnesium, and calcium as sulfates, as well as some bicarbonate. 
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The basins devoid of an outlet receive water by streams and rivers. 
Tn the continental areas of such internal drainage, permanent reser- 
voirs are formed, containing water which is concentrated by evapo- 
ration of incoming river water and has a composition entirely differ- 
ent from that of sea water. Many of the great salt lakes are in a semi- 
solid state. The composition of the brines in such reservoirs varies 
according to the local conditions. The salt lakes, the greatest of which 
is the Caspian Sea, are of considerable geochemical interest. The 
Dead Sea, Searles Lake and Owens Lake in California, and Great 
Salt Lake in Utah are discussed in this paragraph as examples of the 
closed basins. The salt and alkaline lakes are divided, according to 
Clarke (1924), into the following groups: lakes with chloride waters, 
characterized mainly by sodium chloride and possibly derived, di- 
rectly or indirectly, from ocean water; bittern waters, rich in mag- 
nesium salts; sulfate waters; and carbonate and bicarbonate waters. 
There are also gradations between these groups and their subgroups. 
In general, alkaline lakes are representatives of volcanic areas, where- 
as saline lakes are connected with sedimentary rocks. In recently 
formed bodies of water derived from igneous and metamorphic rocks, 
cai'bonates are abundant; but, with increasing salinity or concentra- 
tion, calcium carbonate will be precipitated, followed by gypsum if 
the supply of calcium is adequate. The resulting brine consists chiefly 
of chlorides. 

The Dead Sea 

The Dead Sea water is now essentially a bittern, relatively low in 
sodium and high in magnesium. It thus resembles the brines left over 
after the extraction of sodium chloride from ocean water. The water 
is rich in bromine and also in calcium. The amount of sulfate is neg- 
ligible, and carbonate is nearly totally absent. Two analyses of the 
Dead Sea water, showing the variation in composition in different 
parts and at different depths of the lake, are given in Table 6.11, 
which also shows the rather unusual composition of water of the Riv- 
er Jordan, the main feeder of the Dead Sea. All these analyses are 
quoted from Clarke (1924). 

The source of bromine in the Dead Sea water is believed to be the 
hot springs near and on the bottom of the Sea of Galilee. Water flow- 
ing into this lake contains no detectable trace of bromine, whereas 
2 g/ton Rr are present in the Jordan water. The present-day total 
salinity of the Dead Sea water, on an average, is 30 per cent, or 
nearly ten times as high as that of sea water. The approximate total 

282 



GEOCHEMISTRY OF THE HYDROSPHERE 

salt content of the Dead Sea is presented in Table 6.12, according to 
Armstrong and Miall (1946). 

When the Jordan enters the Dead Sea, the carbonates and calcium 
sulfate dissolved in its water are precipitated, and almost exclusively 
chlorides and bromides are added to the brine. The high content of 
chlorides and sulfates in the Jordan water is due to leaching from 
beds of rock salt and gypsum in the near-by strata. 

TABLE 6.11 

Analyses of Dissolved Solids in Dead Sea 
and River Jordan Water 


Constituent 

Surface 
Water, 
North End of 
Dead Sea 

Dead Sea 
Water at 
Depth of 300 
Meters, 
near Wady 
Mrabba 

Jordan Water 
near Jericho 

Per Cent 

Cl 

65.81 

67 30 

41.47 

Br 

2 37 

2.72 


SO, 

0 31 

0.24 

7.22 

C0 3 

trace 

trace 

13 11 

NOs 



trace 

Na 

11.65 

5.50 

18.11 

K 

1.85 

1.68 

1.14 

Ca 

4 73 

6.64 

10.67 

Mg 

13.28 

15 92 

4.88 

Fe 2 034“ AI 2 O 3 



1 45 

Si0 2 

trace 

trace 

1 95 

Total 

100.00 

100 00 

100 00 

Salinity (per cent) . 

19 215 

25 998 

0.770 


TABLE 6.12 


Approximate Total Salt Content 


Compound 


of the Dead Sea* 


Amount in 
10* tons 


MgCl 2 . 
NaCl.. 
CaCl 2 . 
KC1. . . 
MgBr 2 


22 

11.9 

6 

2 

0.98 


Mg 

K.. 

Br. 


5.8 

1.05 

0.85 


* Based on material from Raw Materials from, the Sea, by E. F. 
Armstrong and L. M. Miall (1946). Courtesy of Chemical Publish- 
ing Co., Inc. 
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Searles Lake and Owens Lake 
A number of alkaline lakes are found in California. One of them, 
the Searles Lake in the Mohave Desert, is now almost dry. This lake 
also contains salts originally present in the neighboring Owens Lake, 
which flowed into Searles Lake until evaporation lowered its level. 
Mud is found on the bottom of the lake below the deposited salts. 
The solid salts in the lake consist nearly entirely of the following salt 
minerals : 

halite, NaCl 
trona, N a 3 H[C0 3 ]2 ' 2H 2 0 
hanksite, KNa 22 [Cl | (C0 3 ) 2 1 (S0 4 )el 
borax, Na 2 B 4 07 • 10H 2 O 
glaserite, K 3 Na[S0 4 l 2 
sulfohalite, Na 6 [FCl| (S0 4 ) 2 ] 

The composition of the Searles Lake brine, according to Gale 
(1938), is given in Table 6.13. The brine is very alkaline, with a pH 

TABLE 6.13 

Typical Analysis of Searles Lake Brine 


Component Per Cent 

Total K calculated to KC1 4.70 

Remaining Cl calculated to NaCl 16 .35 

Total C0 2 calculated to Na 2 C0 3 4. 70 

Total S0 3 calculated to Na 2 S0 4 6 .96 

Total B 2 0 3 calculated to Na 2 B 4 07 1.50 

Total P2O5 calculated to Na 3 P0 4 0.16 

Total F calculated to NaF 0.01 

Other minor constituents 0 30 

Total salts, approximately 34 68 

Water 65.32 

Total 100 00 


of 9.48. It contains no magnesium and only a trace of calcium, al- 
though these metals are found in the mud underlying the salts. The 
bromine content of the brine is about 0.085 per cent, and its lithium 
content 0.021 per cent. Lithium is isolated from the brine as crude 
lithium phosphate, and Searles Lake now supplies this element in 
approximately half the world’s total production. Sodium sulfate, 
carbonate, and bromide, potassium sulfate, bromine, and borax are 
also produced from the brine. This lake gives about half the world’s 
total output of borax. 

An analysis of the water of Owens Lake is given in Table 6.14, 
quoted from Clarke (1924). Unlike the semisolid Searles Lake, Owens 
Lake is an alkaline lake, the waters of which are supplied by the 
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Owens River. An analysis of this river, according to Clarke (1924), 
is also given in Table 6.14. Owens Lake is worked for sodium car- 
bonate and borax. 

Great Salt Lake 

Great Salt Lake is the main remainder of the former great Lake 
Bonneville. Like all lakes in the Bonneville Basin, it contains salt 
water. It is fed by waters flowing largely through areas of sedimen- 

TABLE 6.14 


Composition of Dissolved Solids in Owens Lake 
and Owens River Water, United States 


Constituent 

Water from 
Owens Lake, 
California 

Water from 
Owens River at 
Charlies Butte, 
California 


Per 

Cent 



Cl 

25 40 

9 

49 


so 4 

9 89 

15 

53 


co 3 

22 70 

29 

84 


b 4 o 7 

1 89 




no 3 


0 

00 


Na 

K 

37.83 

2.09 

} 19 

83 


Ca 


8 

92 


Mg 


3 

45 


Si0 2 

0.20 

12 

37 


Fe-203 


0, 

09 


Total 

100.00 

100 

0 

0 


Salinity (p.p.m.) 

118,830 

339 


tary rocks, and its salts are derived from previously deposited salt 
beds. An analysis of the dissolved salts in the water of this lake and 
two analyses showing the composition of the water of one of its feed- 
ers are given in Table 6.15. The analyses are taken from Clarke 
(1924). 

The composition of Bear River water at Evanston is that of a nor- 
mal river water in which carbonates predominate. The second analy- 
sis shows deep-going changes due to the addition of much sodium 
chloride. Compared with ocean w T ater, the salinity of water from 
Great Salt Lake is four to seven times as high. The composition of 
this water and that of the ocean water is, however, largely similar, with 
the exception of the lower magnesium, the higher sodium, and the ab- 
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sence of carbonates In the lake brine. The carbonates are removed 
from the lake water because the brine at present is not capable of 
holding calcium carbonate in solution. 

SEA WATER 

Composition of Sea Water 

The water in the oceans and the adjacent seas forms the most im- 
portant part of the hydrosphere. The volume of the ocean is calcu- 

TABLE 6.15 

Dissolved Solids in Water from Great Salt Lake 
and Bear River, United States 




Water from 
Bear River at 
Evanston, 
Wyoming 

Water from 


Water prom 

Bear River 


Great Salt 
Lake, Utah 

near Its Motjth, 
AT CoRINNE, 

Constituent 


Utah 


Per Cent 

Cl 

55.48 

2.68 

32.36 

so. 

6.68 

5 76 

8.16 

co 3 

0.09 

52.68 

21 53 

Na 

K 

33.17 

1 66 

| 4 49 

J 20 54 

Ca 

0 16 

23.69 

10.12 

Mg 

Fe^Os+ALOa. . . . . 

2.76 

6 86 

4.76 

2 53 

SiOo ' 


3 84 




Total 

100.00 

100 00 

100.00 


Salinity (p.p.m.) . . . 

203,490 

185 

637 


lated as 13,703 • 10 20 ml (Kossinna, 1921) or 13,722 • 10 20 ml (Kalle, 
1943), and its mass 14,060 Gg, or, according to Kalle (1943), 14,220 
Gg. The water in the oceans is usually divided, according to the 
depth, into the following zones: (1) shallow waters from 0 to 200 m, 
coastal areas of relatively shallow depth corresponding to the con- 
tinental shelves ; (2) the relatively small area of depths between 200 
and 3,000 m, which corresponds to the continental slope; (3) the ex- 
tensive oceanic abyss between 3,000 and 6,000 m; and (4) the 
deeps in excess of 6,000 m, which form a very small part of the ocean 
floor. 

Sea water contains a number of dissolved salts which have escaped 
adsorption during the cycle of dissolved substances and precipitation 
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or crystallization during the geological evolution of the Earth. It is 
probable that all elements are found in solution in sea water. Accord- 
ing to present knowledge, more than fifty elements have been detect- 
ed in sea water or in marine organisms. 

Fundamental research on the chemical composition of sea water 
was carried out by W. Dittmar in 1884. All available data were sum- 
marized by Thompson and Robinson (1932) and by Wattenberg 
(1938). The concentration of the major constituents of sea water is 
listed in Table 6.16, which is quoted from Sverdrup, Johnson, and 


TABLE 6.16 

Major Constituents of Sea Water* 


Ion 

Parts per 
Thousand 

Cl” 

18 9799 

sot- 

2.6486 

HCOy 

0.1397 

Br 

. 0.0646 

F- 

0 0013 

H 3 BO 3 

0 0260 

Na+ 

10 5561 

Mg 2+ 

1 .2720 

Ca 2 + 

0.4001 

K+ 

0.3800 

Sr 2+ 

0.0133 


Total dissolved solids 34.4816 parts 
per thousand. Salinity 34.325 parts 
per thousand. 

* Based on material from The Oceans, by H. U. Sverdrup, 
M. TV. Johnson, and R. H. Fleming. Copyright 1942 by Prentice- 
Hall, Inc. Used by permission. 


Fleming (1942). The concentrations are shown for water of 19.00 
parts per thousand chlorinity, 2 and the constituents listed make up 
over 99.9 per cent of the known dissolved solid constituents of sea 
water. The salinity 2 of the ocean water is generally between 33 and 
38 parts per thousand. 

The amount of dissolved elements in sea water is colossal. Actual- 
ly, the oceans contain vast potential supplies even of many trace 
elements. The relative abundance of elements in sea water differs 
very pronouncedly from that in igneous rocks. Silicon, aluminum, 
and iron are present in the sea in very small concentrations. With a 

2. The chlorinity of sea water is defined as the total amount (g/kg) of chlorine, bromine, 
and iodine, assuming that the two last-named elements have been replaced by chlorine. The 
salinity of sea water is defined as the total of dissolved solids, expressed in g/kg,^ when all 
carbonate has been converted to oxide, Br and I replaced by Cl, and all organic matter 
quantitatively oxidized. 
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few exceptions, all the elements have actually been available in 
larger quantities than those now present in sea water. Consequently, 
factors must operate in the sea which control the concentration of 
many elements. One of these factors is solubility: additional quanti- 
ties of a substance transported to the sea in solution in river water 
are precipitated if the sea water is already saturated with the com- 
pound in question. Physicochemical processes and biological activity 
also control the concentration and presence of many substances in 
sea water. 

The data given in Table 6.16 are valid for surface water. In deeper 
layers of the ocean the concentration of bicarbonate and calcium is 
slightly higher. However, regardless of their absolute concentration, 
the ratios between the relative concentrations of the major constitu- 
ents of sea water are virtually constant as a result of continuous cir- 
culation and mixing. A few elements which have significance as plant 
nutrients show changes in their relative concentration, and the 
amounts of dissolved gases may differ widely, particularly near the 
surface, owing to the activity of living organisms and interchange 
with the atmosphere. Minor fluctuations in concentration are met in 
regions of high dilution with a corresponding low salinity. 

Evaporation, precipitation, and the horizontal and vertical move- 
ments of the water masses regulate the distribution of salinity in the 
ocean. The formation and melting of ice may also cause changes in 
salinity. However, the diffusion of the dissolved salts is extremely 
slow. 

In the biological cycle in the sea, plants use inorganic substances 
and are, in turn, consumed by marine animals. The metabolic ac- 
tivities of marine organisms, on the other hand, convert the elements 
to inorganic form, and they are released into sea water. The down- 
ward movement causes a continuous impoverishment of the surface 
layers in inorganic constituents; but the supply is replenished by 
convection, vertical diffusion, and up welling of the water masses. The 
contribution of dissolved material by rivers and by precipitation, as 
compared with the huge amounts already present in sea water, is 
insignificant. 

The regeneration of the elements participating in the organic proc- 
esses in the sea is relatively complete. It is probable that the bulk of 
all organic matter synthesized by the plants returns to solution be- 
fore the plant remains reach the bottom after their death. In the 
bottom deposits regeneration still continues by the action of the 
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bottom fauna and micro-organisms, but the degree of the changes 
produced depends on the presence or absence of dissolved oxygen, 
i.e., on the redox potential. 

The concentration of all elements known to occur in sea water as 
dissolved solids is presented in Table 6.17, which is based chiefly on 
information given by Sverdrup, Johnson, and Fleming (1942) and 
Harvey (1945). The values are for water of 19.00 parts per thousand 
chlorinity, and those for the major elements are valid for surface 
water. The last six elements listed in Table 6.17 are reported in ashes 
of marine organisms, from which it is concluded that they are also 
found in sea water; but there is so far no information available show- 
ing their concentration therein. The concentration of inorganic car- 
bon is based on that of HCO^ ions because carbon dioxide is mostly 
present in sea water in the form of bicarbonate. Salts of the weak 
acids H 2 C0 3 , H3BO3, H 3 P0 4 , H 3 As 0 4 , and H 2 Si0 3 are found in sea 
water. 

Marine organisms — plants, animals, and bacteria — cause a redis- 
tribution of many of the inorganic constituents of sea water. Conse- 
quently, sea water cannot be considered exclusively an inorganic 
system without regard to the marine organisms found therein. Salts 
may be adsorbed on the surface of living organisms or on their proto- 
plasm. Likewise, colloidal particles may be adsorbed, e.g., ferric hy- 
droxide on diatoms. Some elements, like iodine, are of physiological 
importance and are concentrated by animals. They are liberated 
upon the death and decay of the animals and return to the sea. The 
analyses in Table 8.3 show that the development and re-solution of 
skeletal structures of marine organisms affect the concentration of 
the following elements: Ca, Mg, C (as carbonate), S, P, and Si; but 
in the case of Mg and S the fluctuations are not appreciable because 
of the great abundance of these elements in sea water. Copper, stron- 
tium, and vanadium are reported as essential constituents of certain 
marine organisms. Some other elements — Co, Ni, Pb, Zn, F, and As 
— are also found to be concentrated in marine animals, but the ques- 
tion of their physiological importance is still unsettled. 

There are two kinds of minor constituents in sea water, viz., those 
varying widely in their concentration because of their role in marine 
plants and those which do not show such fluctuations. Many of the 
elements of the second group are concentrated in marine organisms, 
together with the elements whose concentration in sea water is too 
low to allow them to be detected therein. The adsorption of certain 
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Elements Present in Solution in Sea Water* 


(Dissolved Gases Not Included) 
Element 


Concentration 

(g/ton) 


Cl. . 
Na. 
Mg. 
S. . 

Ca. 

Iv.. 


Br. 

C (inorganic) . 

Sr 

(Si0 2 ) 

B 


Si 

C (organic) . . . 

A1 

F 


N (as nitrate) 

N (as organic nitrogen) , 

BJb 

Li 

P (as phosphate) 

Ba 

I 

N (as nitrite) 

N (as ammonia) 

As (as arsenite) 

Fe 

P (as organic phosphorus) . 

Zn 

Cu 

Mn 

Pb 

Se 

Sn 

Cs 

U 

Mo 

Ga 

Ni 

Tli 

Ce 

V 

La ... 

Y 


Hg 

Ag 

Bi 

Co 

Sc 

Au 

Fe (in true solution) . 


18,980 

10,561 

1,272 

884 

400 

380 

65 

28 

18 

0.01-7.0 

4.6 

0.02-4.0 
1 .2-3.0 
0.16-1.9 
1.4 

0 .001-0 .7 
0.03-0.2 
0.2 
0.1 

> 0 . 001 - 0.10 
0 05 
0 05 

0 0001-0.05 
>0.005-0.05 
0.003-0.024 
0 002 - 0.02 
0-0.016 
0.005-0.014 
0.001-0.09 
0 . 001 - 0.01 
0.004-0 005 
0.004 
0.003 

approx. 0 . 002 
0.00015-0.0016 
0.0003-0.002 
0.0005 

0 .0001-0 .0005 
<0.0005 
0.0004 
0.0003 
0.0003 
0.0003 
0.0003 

0.00015-0.0003 
0.0002 
0.0001 
0 00004 

0 000004-0 000008 
<10~ 9 


* Partly based on material from the following sources Recent Advances in the Chemistry t£* Bi- 
ology of Sea Water , by H. W. Harvey, 1945 Courtesy of Cambridge University Press. The Oceans * 
by H. U. Sverdrup, M. W. Johnson, and R. II. Fleming. Copyright 1942 by Prentice-IIall, Inc. 
Used by permission. 
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TABLE 6.17 — Continued 

Element Concentration 

(g/ton) 

Ra 2-10“ n -3*10~ 10 

Ge present 

Ti- present 

W present 

Cd present in marine organisms 

Cr present in marine organisms 

Tl present in marine organisms 

Sb present in marine organisms 

2r present in marine organisms 

Rt present in marine organisms 


elements on living organisms is illustrated by the higher concentra- 
tion of Cu, Ag, Au, Ra, and U in water rich in plankton. 

A small amount of dissolved organic matter is present in sea water. 
Particulate organic material consists of living and dead marine plants 
and animals. 

Sea water also contains varying amounts of the gases constituting 
the atmosphere. Oxygen, nitrogen, and carbon dioxide (chiefly as 
carbonate and bicarbonate ions) form the bulk of the dissolved gases. 
The surface water is very nearly in equilibrium with the air in regard 
to oxygen and nitrogen. During the summer, shallow waters are 
often supersaturated with oxygen. In deep and stagnant waters oxy- 
gen is deficient. Ammonia, argon, helium, and neon are also reported 
as constituents of sea water. Small amounts of hydrogen, hydrogen 
sulfide, methane, and some other hydrocarbons may sometimes occur 
in near-shore waters. The amount of the inert gases in sea water 
seems to vary with the quantity of dissolved nitrogen. The concen- 
tration of the more important gases in sea water is presented in 
Table 6.18. Sea water is nearly saturated with helium and neon. 

Sea water is normally alkaline, having a pH between 7.5 and 8.4. 
Higher values are found in tide pools, bays, and estuaries, in which 
plants utilize carbon dioxide, whereas in diluted water and in isolated 
basins, where hydrogen sulfide is generated, the pH may approach 
neutrality or even fall within the acid region. Variations in the pH 
of sea water are also caused by the interaction of plant and animal 
life in the sea. In some cases, when the former is more abundant than 
the latter and photosynthetic activity thus exceeds the respiration, 
the pH may approach the value 10. Notable rises in the pH cause the 
conversion of a part of bicarbonate in sea water to carbonate. When 
the pH is above 9, magnesium hydroxide may be precipitated, to- 
gether with calcium carbonate. As a rule, the pH falls with rising 
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temperature and pressure. No adequate Information is available 
about the redox potential of sea water. 

Regional changes occur in the composition of sea water, mainly 
connected with the biological activity taking place in the sea. Thus, 
e.g., the Antarctic is very rich in nitrate and the Pacific in silicate. 
The concentration of silicate shows seasonal variations caused by 
diatoms, which utilize silicate. There is, in addition, a close corre- 
spondence between the concentration of phosphate and nitrate and 
the degree of biological activity in the sea. A seasonal variation in 
the phosphate is found in many places: during the summer the water 
is nearly totally devoid of these salts. In the deep waters of the open 
ocean, where phytoplankton does not grow because of the lack of 
light, a great supply of phosphate is available, formed from the re- 

TABLE 6.18 

Dissolved Gases in Sea Water 

Compound 

Oxygen 

Nitrogen 

Total carbon dioxide 

“Argon”* 

Helium and neon 

* Residue after the extraction of nitrogen 

mains of organisms. Similarly, the deep waters are richer in nitrate 
than are the surface waters. Diatoms and algae, which utilize nitrate 
during the summer months, cause a seasonal variation in its quan- 
tity. 

Ti-ie Carbon Dioxide System in Sea Water 
The role of sea water as the mechanism regulating the content of 
carbon dioxide in the atmosphere is, geochemically, of high impor- 
tance. According to Goldschmidt (1933a), the total quantity of car- 
bon dioxide in the atmosphere is 0.4 g and in sea water 20 g per 
square centimeter of the Earth’s surface. Consequently, the quantity 
in sea water is about fifty times as high as that in the atmosphere. 
The chief reason for the stabilization is that the four forms of carbon 
dioxide in the sea — free carbon dioxide, carbonate and bicarbonate 
ions, and the undissociated H 2 C0 3 molecules — form a buffer system 
(Wattenberg, 1936). All these forms are in equilibrium with one an- 
other and with the hydrogen ions present in solution, as follows : 

C0 2 

11 

H 2 C0 3 ^ HCCtf + H + C0 2 “ + H+ . 


Concentration 

(ml/1) 

0-8.5, or more 
8 4-14.5 
34-50 
0 2-0.4 

1.2-10-M.8-10- 4 
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The free, i.e., unbound and undissociated, carbon dioxide consists of 
CO2 and H2CO3 molecules in solution and in equilibri um with one 
another. The total concentration of carbon dioxide is determined by 
the following equation: 

C SC0 2 = Cco 2 C HCOr + C C02- . 


The carbon dioxide equilibrium depends on all physical, chemical, 
and biological factors active in the sea. A change in the total concen- 
tration of carbon dioxide, caused, for example, by assimilation and 
respiration, results in a corresponding adjustment of all concentra- 
tion constants until a new equilibrium is attained. Physical factors, 
such as changes in temperature and salinity, disturb the equilibrium 
by causing changes in the equilibrium constants. The effects pro- 
duced by such means can also be traced outside the phase boundary 
in the atmosphere and in the solid phases containing carbon dioxide 
as carbonates. Among the latter, only calcium carbonate has practi- 
cal importance. 

The French chemist, Th. Schloesing, was the first to prove experi- 
mentally in 1872 that the solubility of calcium carbonate is a function 
of the carbon dioxide content of the air in equilibrium with water in 
the system air-water-calcium carbonate. Schloesing concluded that 
the sea, owing to its many times higher content of carbon dioxide as 
compared with that present in the atmosphere, regulates the quanti- 
ty of carbon dioxide in the latter. However, Krogh (19046) found 
that, actually, the tensions of carbon dioxide in the surface layers of 
the sea and in the atmosphere are of the same degree of magnitude. 
Later studies by Buch (1939a, b, 194 2a) have shown that the atmos- 
phere, as a matter of fact, regulates the tension of carbon dioxide in 
the sea. The cycle of carbon dioxide between the atmosphere’ and the 
sea is discussed in chapter 19, and the formation and solution of cal- 
cium carbonate, which forms a part of the carbon dioxide equilibrium 
in the sea, is treated in chapter 15. 

An exchange of other dissolved gases, i.e., certain nitrogen com- 
pounds, also takes place between the sea and the atmosphere. Nitro- 
gen compounds in relatively high concentration are present in rain 
water, and they finally reach the sea either in rainfall or in drainage 
from the land. At the phase boundary between the atmosphere and 
the sea they again enter the former geosphere. 
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Distribution of Elements between Sediments 
and Sea Water 

Goldschmidt (1932) divided the elements into two general groups 
according to their distribution between the seas and the continents, 
viz., into thalassophile and thalassoxene elements. The first group 
includes chlorine, bromine, boron, sulfur (as sulfates), iodine to a 
lesser extent, and also sodium. The thalassoxene group incorporates, 
among others, all such elements as are precipitated in the hydro- 
sphere as a result of the hydrolytic decomposition of their salts, e.g., 
aluminum, iron, and thorium. The amount of some thalassophile ele- 
ments, e.g., sodium, has increased during the geological history of the 
Earth, whereas that of others, like boron probably, has decreased. 
An equilibrium seems to be attained between the amounts carried 
to the sea and those removed therefrom in case of still other ele- 
ments, calcium, for instance. 

Sodium, calcium, and magnesium are dissolved during the chemi- 
cal decomposition of rocks and are transported to the sea, whereas 
potassium is largely retained in clays. The values presented in Table 
6.16 show that, in sea water, sodium and magnesium predominate 
among the cations in solution, whereas the concentration of potas- 
sium is small. The low concentration of calcium is due to the deposi- 
tion of this metal in the carbonate sediments. 

If the total amount of igneous and metamorphic rocks weathered 
during the geological evolution of the Earth is known and if the ac- 
tual amounts of the elements in sea water are known in addition, the 
quantity of each element which has been transported to the sea 
through the weathering processes can be calculated. However, only 
a part of the dissolved substances has remained in solution. Joly 
(1899) has shown that approximately 600 g of average igneous rock 
must be weathered in order to produce the necessary sodium now 
found in 1 kg of sea water, provided that one-third of the sodium in the 
parent-rocks is retained in the sediments and that two-thirds are 
still present in the ocean. A similar result was that obtained by 
Goldschmidt (1933a) (see chap. 5), who calculated that approximate- 
ly 160 kg of rock to every square centimeter of the Earth’s surface 
has weathered, producing 278.11 kg sea water per square centimeter. 
Thus 0.575 kg • cm" 2 rock has been weathered to produce 1 kg of 
ocean water. Calculations showing the geochemical balance of some 
elements in sea water were carried out by Goldschmidt (1933a, 
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1937a). The balances presented in Table 6.19 are calculated from 
Tables 2.3 and 6.17, assuming that 600 g average igneous rock are 
weathered for each kilogram of ocean water. 

Among the alkali metals, only sodium is noticeably transferred to 
sea water, whereas the others are retained in clays. Because living or- 

TABLE 6.19 

Geochemic.il Balance of Some Elements in Sea Water 


Element 

Total Amount 
Supplied to 

Sea Water 
(g/ton) 

Amount Present 
in Sea Water 
(g/ton) 

Transfer 

Percentage 

Li 

39 

0.1 

0.3 

B 

1.8 

4 6 

256 

C 

192 

28 

14 6 

N 

27.78 

0.7 

2 5 

F 

540 

1.4 

0.3 

Na 

16,980 

10,561 

62 

Mg 

12,540 

1,272 

10 

A1 

48,780 

1 9 

0.004 

Si 

166,320 

4 

0.002 

P 

708 

0.1 

0 01 

S 

812 

884 

283 

Cl 

188.4 

18,980 

10,074 

K 

15,540 

380 

2.4 

Ca 

21,780 

400 

1 8 

Sc 

3 

0 00004 

0.001 

V 

90 

0 0003 

0 0003 

Mn 

600 

0.01 

0.002 

Fe 

30,000 

0 02 

0.00007 

Co 

13.8 

0.0001 

0 0007 

Ni 

48 

0 0005 

0 001 

Cu 

42 

0.011 

0.03 

Zn 

79.2 

0.014 

0.02 

Ga 

9 

0 0005 

0.006 

As 

3 

0 024 

0 8 

Se 

0 054 

0 004 

7 4 

Br 

0 972 

65 

6,687 

Eb 

186 

0 2 

0.1 

Sr 

180 

13 

7.2 

Y 

16 86 

0.0003 

0.002 

Mo 

9 

0 0007 

0.008 

Ag 

0.06 

0 0003 

0.5 

Sn 

24 

0 003 

0.01 

I 

0 18 

0 05 

28 

Cs 

4 2 

0 002 

0.05 

Ba 

150 

0 05 

0.03 

La 

10.98 

0 0003 

0.003 

Ce 

27 66 

0 0004 

0.001 

An 

0 003 

0.000008 

0.3 

Hg 

0 3 

0.00003 

0.01 

Pb 

9.6 

0 005 

0.05 

Bi 

0 12 

0 0002 

0.2 

Ra 

0.00000078 

3*10 -10 

0.04 

Tb 

6 9 

<0.0005 

<0.007 

U 

0.6 

0 0016 

0.3 
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ganisms collect and concentrate potassium from the ocean water, 
they may increase the rate of removal of this metal from solution. 
Among other elements listed in Table 6.19, calcium, aluminum, sili- 
con, iron, and manganese are largely removed from sea water. The 
present concentrations of chlorine, bromine, sulfur, and boron in sea 
water are higher than those calculated from the amounts actually 
transported into the sea. Boron and sulfur are, in addition, noticea- 
bly bound in marine sediments, and therefore the quantities of these 
elements actually added to the sea are still greater in proportion. 
Thus these four elements must also be added to the sea by volcanic 
emanations and juvenile waters, and the primordial atmosphere of 
the Earth must have contained volatile compounds of these elements, 
which were accumulated in the primeval ocean (Goldschmidt, 
19376). 

Considerable amounts of sodium, potassium, magnesium, calcium, 
strontium, carbon, nitrogen, selenium, and iodine, which form rela- 
tively easily soluble compounds, remain in sea water in quantities 
exceeding 1 per cent of the potential supply. They crystallize out 
finally in the evaporate sediments. It is important to note that the 
greatest part of many elements like mercury, copper, arsenic, and 
lead are removed with the hydrolyzate and oxidate sediments and 
thus do not remain in sea water. This phenomenon is called depoison- 
ing of sea water, and it is of great importance for the existence and 
maintenance of life in the seas. 

Cycle of Dissolved Substances 

The principles of the cycle of matter in Nature were presented in 
chapter 5. The total cycle is divided into two parts: the minor cycle 
and the major cycle. The former forms a small closed part within the 
total cycle. On previous occasions the cycle was discussed without 
attention to the form of matter participating in it. With special ref- 
erence to the hydrosphere, the cycle of matter in solution is of impor- 
tance. In this cycle the matter migrates either as dissolved sub- 
stances or as hydrosols. 

A perpetual cycle of water exists in Nature, consisting of evapora- 
tion, precipitation, and drainage. Dissolved substances and hydrosols 
participate in this cycle, and their migration in the hydrosphere 
forms a part of the minor cycle. Their cycle is presented in Figure 
6.1. Two important inorganic sources of matter are present in this 
cycle, viz., chemical decomposition and volcanic emanations. By the 
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former process the minerals of solid rocks are brought into solution, 
whereas the volcanic emanations release their burden directly into 
the atmosphere and hydrosphere and partly into the soil. The solu- 
tions formed by the action of weathering processes deposit a part of 
their contents in fresh- water sediments, whereas another part is 
transported to the sea, becoming partly separated in marine sedi- 
ments and partly remaining, for long periods of geological time, in 
sea water. 

Rock debris is also carried by the rivers, along with dissolved and 
colloidal substances. A considerable proportion of the particulate 
matter is already deposited as near-shore sediments, and the finely 
divided material is largely coagulated and settles down when brought 
into contact with salt water. Physicochemical processes may take 
place between the particles and the sea water, some of which may af- 
fect the composition of the dissolved substances. However, such 
changes will be exceedingly slow, because the annual total of dis- 
solved solids carried by rivers (2.735 • 10 9 tons) is only a negligible 
part of the total of the dissolved solids in sea water, which is 4.619 • 10 16 
tons. This small quantity is probably entirely removed from 
solution. The reactions comprise the solution of the constituents of 
the debris, adsorption on the particles, ionic exchange between the 
particles and sea water (e.g., between potassium and the clays), and 
interaction between sea water and the particles, leading to the for- 
mation of new substances (e.g., glauconite, phillipsite, feldspar, and 
clay minerals) . Halmyrolysis is used as a group name for such reac- 
tions (see chap. 33). By these reactions ions may be removed from 
sea water which would not otherwise be precipitated. However, many 
questions relating to changes in the composition of sea water by such 
reactions are still unsolved. 

Parallel to the cycle described above runs another cycle of minor 
importance. Substances present in sea water are transferred to the 
atmosphere by the action of surf and spraying not only along the 
coasts but also in the open ocean. The greater part of these con- 
taminants is returned to the sea by precipitation, whereas another 
part is transported by the wind over long distances, brought to the 
surface of the Earth by precipitation, and finally returned to the sea. 
In arid regions substances may also be directly carried from the at- 
mosphere to the Earth’s surface, where they remain as insoluble de- 
posits because of the small amount of precipitation. It has been sug- 
gested that this might have been the origin of the Chilean nitrate 
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deposits. As was pointed out in a previous paragraph, the evapora- 
tion of ground water in arid regions may cause the separation of 
salts on the Earth’s surface. 

The formation of oxidates, precipitates, and evaporates in seas and 
lakes is due to the fact that the solubility product is exceeded, to geo- 
chemical sorption, to removal of the solvent by evaporation, or to the 
action of organisms. There is, in addition, still another process re- 
sponsible for the removal of dissolved substances from natural 
waters. During their formation the porous hydrolyzate and oxidate 
sediments incorporate considerable amounts of water in their pore 
space. The compounds dissolved therein will thus become inclosed 
in the sediments (formation of connate waters) . Quantitatively, this 
process is not very important, but in some instances it affords a pos- 
sibility of deciphering the origin of the sediments. It must also be 
accounted for when investigating the geochemistry of elements which 
are typical of marine hydrolyzate sediments, like the thalassophile 
boron. 
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GEOCHEMISTRY OF THE 
ATMOSPHERE 

STRUCTURE OF THE ATMOSPHERE 

T HE atmosphere is the outermost of the geochemical spheres of 
the Earth. It consists of a mechanical mixture of a number of 
gases and vapors. Its upper limit is, so far, unknown. Spectrographic 
investigation of the aurora borealis proves the presence of nitrogen 
and oxygen even at a height of 1,000 km. At still greater heights the 
atmosphere gradually thins out into the practically empty inter- 
planetary space above. The upper limit is set where the gas molecules 
no longer follow the Earth in its movement along its orbit. Russell 
and Menzel (1933) showed that collisions between hydrogen and 
helium and metastable oxygen atoms in the upper atmosphere would 
give the former two atoms velocities exceeding the escape velocity 
from the gravitational field of the Earth, whereas the heavier atoms, 
such as nitrogen, oxygen, and neon, would remain in the atmosphere. 
Free oxygen in the atmosphere is essential for the whole process. 

The atmosphere is in contact with the lithosphere and the hydro- 
sphere. Air penetrates the spaces between the soil particles, and con- 
sequently the presence of oxygen, carbon dioxide, and water vapor 
gives rise to a number of important reactions in the biosphere. In the 
upper lithosphere atmospheric gases may occur in pores of rocks. The 
lower limit of the atmosphere is determined by the depth of caves, 
mines, and bore holes. In volcanoes the atmospheric gases are mixed 
with gaseous emanations. Additions to the atmosphere are also de- 
rived from the gases in the microscopic and larger cavities in rocks, 
occluded gases, the great subterranean reservoirs of petroleum gases, 
and from the gases dissolved in the water of mineral springs and 
wells. Biochemical processes in the biosphere produce large quanti- 
ties of gases, e.g., oxygen, nitrogen, carbon dioxide, and methane. 
The gases connected with igneous activity are discussed in chapter 5 
and the other natural gases in chapter 8. 
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The lowermost part of the atmosphere, up to the height of approx- 
imately 11 km, is called the troposphere. It is the convection region, 
and the atmospheric phenomena take place therein. The next over- 
lying layer is called the stratosphere. It is characterized by an ap- 
proximate constancy of temperature. It is, in turn, followed by the 
ionosphere, which has a lower limit at a little less than 100 km over 
the Earth’s surface and continues up to the outer limits of the at- 
mosphere. The ionosphere is an ionized layer. The radio waves are 
reflected therein by two layers: Region E, called the Kennelly- 
Heaviside layer, at approximately 76 or 84 km over the surface, and 
Region F, the Appleton layer, at a height of 250 km. Free electrons 
are present in these two layers. In the E layer the air is warmed and 
ionized by the absorption of certain solar radiations of short wave 
length. 

The main features of the structure of the atmosphere are shown in 
Figure 7.1. The information concerning the structure and properties 
of the upper atmosphere has largely increased with the use of the 
high-altitude jet-propulsion rockets for atmospheric research. There 
are new indications of the further division of the F layer into two 
separate layers, Fi and F 2 , situated around 200 and 300 km, respec- 
tively. 

In the lower stratosphere the temperature is low, but up to a 
height of about 160 km there are indications of a slow increase in 
temperature. According to Seaton (1947), high temperatures are to 
be expected at E-layer heights of 100 km, whereas the Fi and F 2 
layers may again be at low temperatures. It has been assumed that 
the temperature in the highest parts of the Earth’s atmosphere lies 
around 1,000° C. 

A warm ozone layer exists in the stratosphere approximately be- 
tween the heights of 30 and 60 km. It is called the ozonosphere. The 
maximum ozone concentration is met at a height of approximately 
40 km. The existence of the ozonosphere is caused by the absorption 
of the ultraviolet radiation of the Sun in these strata, which also re- 
sults in an increase in the temperature in the ozonosphere. 

In its present cool stage the Earth is able to maintain an atmos- 
phere. However, if it once was hot on the surface, it must have lost 
all its hydrogen and helium and most of the other gases constituting 
the primordial atmosphere. The separation of the atmophile elements 
was first discussed by Goldschmidt (1923), who listed hydrogen, ni- 
trogen, the inert gases, and probably also chlorine as typically at- 
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mophile elements. Actually, it is possible that all the atmophile ele- 
ments including also carbon as dioxide and some others, like sulfur, 
selenium, tellurium, arsenic, chlorine, bromine, and iodine, which are 
easily volatile or whose compounds with hydrogen have this property 
— escaped from the primeval atmosphere. Mercury might, at least 
partly, have shared their fate. The escape of the atmophile elements 
must have taken place during the necessarily short time when the 
primitive Earth was still very hot (surface temperature above 
8,000° K.) and the rates of escape were rather fast. According to 
Russell and Menzel (1933), the conclusion seems to be unavoidable 
that most of the loss occurred during the first few years, if not the 
first few days, of the Earth’s existence as an independent body. The 
loss of hydrogen must have been practically immediate. 

The rapid cooling stopped the escape and left an atmosphere in 
which neon is less abundant than argon. According to the explanation 
of the origin of the atmosphere, most, if not all, of the original supply 
of nitrogen and oxygen was lost and likewise all helium, free hydro- 
gen, and water vapor. Consequently, the hydrosphere and most of 
the present atmosphere were probably formed by volcanic emana- 
tions escaping from the lithosphere after the solidification of the 
Earth’s crust. The investigations of Lord Rayleigh (1939) showed 
that igneous rocks contain about fifty times as much nitrogen as does 
the atmosphere. The values presented in Table 2.3 show that nitro- 
gen is actually one of the more abundant elements in the upper 
lithosphere. 

The origin of oxygen in the Earth’s atmosphere has been and still 
is the subject of controversial theories. Tammann (19245) suggested 
that all or most of the free oxygen originated through thermal dis- 
sociation of water vapor before a solid crust of the Earth was formed, 
when the temperature of the primordial atmosphere was still above 
1,500° C. The hydrogen formed in the reaction 

2H 2 0 2H 2 + 0 2 

was thought to dissipate into space at a rapid rate. Goldschmidt 
(1933a) criticized Tammann’s ideas and pointed out that during 
the geological evolution of the Earth much of the oxygen became 
fossil, being consumed in the oxidation processes at and near 
the surface. According to Goldschmidt, it might also be possible 
that free oxygen is constantly formed in the atmosphere as the 
result of a photochemical disintegration of water vapor and that 
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the hydrogen released in this reaction can, even under the pres- 
ent atmospheric temperatures, dissipate into the void. Gold- 
schmidt further emphasized the importance of the photosynthetic 
decomposition of carbon dioxide by chlorophyll-bearing plants, 
whereby oxygen is generated. If all fossil oxygen and that now 
present in the Earth’s atmosphere is produced from carbon di- 
oxide by the physiological activity of green plants, an average con- 
tent of 0.11-0.17 per cent of carbon, essentially as coal and bitumen, 
should be present in sedimentary rocks. The calculated average is of 
the right degree of magnitude and consequently affords positive 
proof of the assumption that the atmospheric oxygen has been pro- 
duced, entirely or largely, from carbon dioxide. 

According to Wildt (1940), there can be no doubt that Tammann’s 
process has been instrumental in producing the initial supply of free 
oxygen needed by the first breathing organisms. 

However, it is now known that carbon dioxide in the troposphere 
is prevented from being decomposed photochemically by the protec- 
tive ultraviolet absorption of the vast mass of oxygen in the upper 
atmosphere. Unsold (1941) has shown that the cosmic abundance of 
neon is as high as that of oxygen and nitrogen. This result seems to 
afford proof of the loss of neon from the Earth’s original atmosphere. 
Consequently, it may be concluded that water vapor from the origi- 
nal atmosphere must also have escaped nearly quantitatively and 
that the water found in the present hydrosphere is of juvenile origin. 
If the mass of the primeval hydrosphere had been smaller than that 
of today, less oxygen would have been obtained from the thermal 
dissociation of water vapor if Tammann’s theory is accepted. Ac- 
cording to Wildt (1942a), the great abundance of carbon dioxide and 
the absence of water in the atmosphere of Venus may suggest that 
the quantity of juvenile water given off during the geological evolu- 
tion of the Earth has not been of the same order of magnitude as the 
present-day total mass of the hydrosphere. 

COMPOSITION OF THE ATMOSPHERE 
In 1779 the Swedish chemist, Karl Wilhelm Scheele, reported the 
results of the first systematic study of the composition of the atmos- 
phere over a considerable period of time. The most recent analyses 
give the average composition for the atmosphere, presented in Table 
7.1, chiefly according to Paneth (1939). The total mass of the 
Earth’s atmosphere is estimated to be 51.3 Gg. The weight of the 
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atmospheric gases per square centimeter of the Earth’s surface is 
1.003 kg, of which the geochemically most important constituents 
comprise the following amounts (Goldschmidt, 1933a) : 

C ons ti tuent g . cm' 2 

Nitrogen . ... 755 

Oxygen. .. 230 

Carbon dioxide . .04 

Total 985.4 

Table 7.1 also shows the masses of the atmospheric constituents 
(Humphreys, 1940). The percentage figures probably present the 
average composition of the air not only in the troposphere but also 
in the lower layers of the stratosphere. Because the absolute amount 

TABLE 7.1 


Average Composition of the Troposphere (Dry Am) 
(Mass of the Total Atmosphere and Its Constituents)* 


Compound 

Percentage 
by Weight 

Percentage 
by Volume 

Total Mass 
(Gg) 

Total atmosphere .... 




51 3 

Dry air 

100 00 

100 00 


51.17 

Nitrogen 

75 51 

78 09] 


38 648 

Oxygen 

23 15 

20 95 


11 841 

Argon 

1.23 

0.93 

o 

o 

o 

© 

0 655 

Water vapor 

variable 

variable 


0 13 

Carbon dioxide 

0 046 

0.03 


0 0233 

Neon 

0 00125 

1. 8-10- 3 

0.000636 

Krypton 

0 00029 

i*io- 4 


0 000146 

Helium 

0 000072 

5. 24 •10“ 4 

0 000037 

Xenon 

0.000036 

8- 10"° 


0 000018 

Hydrogen 

0 000003 

5* 10" 5 


0 000002 

Ozonef 

0 000002 

DIO” 6 


0 00003 

Radon J 

4 52*10“ 17 

6* 10” 1S 


232 -lO" 19 


* Partly based on material from Physics of the Air, by W. J. Humphreys. Copyright 1940. 

Courtesy of McGraw-Hill Book Co. 
f Variable; increases with height, 
t Variable; decreases with height. 

of the atmospheric constituents in the upper stratosphere is very low, 
the percentage composition given in Table 7.1 remains practically 
constant therein, even though some changes in the relative propor- 
tions of the gases might occur (Lepape and Colange, 1985). Although 
the content of oxygen decreases with increasing height, the Os'Na 
ratio remains rather constant. According to Whipple (1942), there is 
indirect evidence that the atmosphere in the region from 60 to 88 km 
above sea level has a mean molecular weight similar to that at the 
Earth’s surface. 
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Along with the constituents listed in Table 7.1, the atmosphere 
contains water vapor in amounts varying from 0.02 to 4 per cent by 
weight. The content diminishes rapidly with increasing height. The 
amount of water vapor also depends on temperature. It is known that 
the percentage of water vapor in the lower atmosphere decreases 
from the equator toward the poles. The annual average values, given 
by Humphreys (1940) according to J. von Hann and R. Siiring, are 
given in Table 7.2. Other constituents include carbon monoxide, con- 
siderable quantities of which may be present in city air. Formalde- 
hyde, H-CHO, identified by Dhar and Ram (1933) in rain water, is 
believed to result from the reaction 

C0 2 + H 2 0 -> H • CHO + 0 2 , 

TABLE 7.2 

Changes in the Composition of Air According to Latitude 


Latitude 

Nitrogen 

OXTGEN 

Argon 

Water Vapor 

Carbon Dioxide 

Per Cent by Volume 

Equator 

75 99 

20 44 

0.92 

2.63 

0 02 

50° N 

77 32 

20 80 

0 94 

0.92 

0.02 

70° N 

77.87 

20 94 

0 94 

0.22 

0.03 


which is activated by the short-wave ultraviolet radiation of the Sun. 
The nitrogen oxides, N 2 0 and N 2 O 5 , and one of the heavy waters, 
HDO, were identified by Adel (1939, 1941a, b ) as permanent con- 
stituents of the atmosphere. The amount of HDO is exceedingly 
minute. The nitrogen oxides are probably formed by the irradiation 
of the nitrogen-oxygen mixtures by short-wave ultraviolet radiation. 
The nitrous oxide forms a layer comparable with the ozone layer; its 
amount in the atmosphere is several mm-atm (Adel, 1939). Small 
amounts of nitrogen dioxide, N0 2 , are found in addition, formed by 
electrical discharges during thunderstorms. The oxidation of nitrogen 
is a large-scale process, but apparently the oxides are rapidly de- 
stroyed. It might be possible that certain simple organic compounds 
are* also synthesized and decomposed by electrical discharges in the 
atmosphere. Edgar and Paneth (1941) have measured N0 2 contents 
varying from less than 0.05 -10 ~ 6 to 2.0 -10 ~ 6 per cent by volume 
in the atmosphere. Of similar origin are hydrogen peroxide, H 2 O 2 , 
small amounts of which are found in the air, and ozone, 0 3 . Most of 
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the ozone is situated in the ozone layer, where it is constantly being 
synthesized by the ultraviolet radiation of the Sun. It is carried down 
by vertical air currents and finally disappears by chemical decompo- 
sition. In the presence of water vapor, ozone is decomposed to^ oxy- 
gen. Consequently, the ozone molecules exist only in the isothermal 
region (stratosphere), where the H 2 0 content is extremely small.- Ac- 
cording to Edgar and Paneth ( 1941 ), the concentration of atmos- 
pheric ozone varies from 0 . 5 - 10~ 6 to 4 . 5 - 10~ 6 per cent by volum'e. 
The sulfur ous compounds of the air, viz., sulfur dioxide, S0 2 ; triox- 
ide, S0 3 ; and hydrogen sulfide, H 2 S, originate from volcanic emana- 
tions, decomposition of sulfur-bearing organic substances, burning 
of coal, and smelting of sulfide ores. Ammonia is produced by the 
decomposition of organic nitrogenous substances. Iodine is present 
in the air in a concentration varying from 0.0001 to 0.001 mg • nW 5 v 
Migeotte ( 1948 ) has established the presence of methane, CH 4r in the 
Earth’s atmosphere. Radon in the atmosphere is the opposite of 
ozone. It is produced in the Earth’s upper crust, as is also helium, and 
is carried upward in the atmosphere by convection. Its content de- 
creases rapidly with height, and finally it disappears altogether by 
radioactive decay. .a 

Contrary to the previous belief, the content of carbon dioxide in 
the air does not decrease with height (Lepape and Colange,* I 935 q 
Shepherd, 1936 ). At a height of approximately 21.5 km, the content) 
0.029 per cent by volume, is still identical with that usually ^present 
in ground-level air, viz., 0.03 per cent. Haldane ( 1936 ) gives 6.0211 
and 0.044 per cent as limits in country air. However, a quantity cor- 
responding to that of the oxygen consumed is produced by the com- 
bustion of fuels and by respiration. As much carbon dioxide as 0.1 per 
cent by volume was found by Haldane in soil air near the surface, and 
the range in London air was 0 . 0425 - 0.09 per cent, with an average 
of 0.065 per cent by volume. On the other hand, assimilation dimin- 
ishes the concentration of carbon dioxide to an extent corresponding 
to the increase in oxygen. Still another factor regulating the carbon 
dioxide content of the air is the equilibrium between the sea and the 
atmosphere (see chap. 19 ). * * 

If the upper levels of the atmosphere are fairly still, there must be- 
gin, under the influence of gravitation, a diffusive segregation of the 
light and heavy constituents (Paneth, 1939 ). Consequently, the 
gases of low specific gravity, such has helium, should be concentrated 
in the uppermost layers of the atmosphere. The figures give® by 
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Paneth (1939) show that a separation of the light gases from the 
heavy ones by diffusion begins to be detectable at a height of about 
20-30 km. Gliickauf and Paneth (1945) state that the region in which 
the separation comes fully into action must be above 25 km. The con- 
tent of helium and oxygen at the Earth’s surface is 5.24 *10~ 4 and 
20.95 per cent by volume, respectively, whereas the content of 
helium at the height of 25 km is 5.35 -lO -4 per cent by volume; that 
of oxygen at about 21.5 km, 20.895 per cent (Shepherd, 1936); and 
at 28-29 km, 20.39 per cent (Paneth, 1939). Consequently, there 
seems to be, somewhere in the stratosphere, a region where helium 
becomes enriched and oxygen depleted, but up to 25 km the helium 
content is very nearly the same as near the surface, although a con- 
sistent helium surplus is present above 20 km. The results of Gltick- 
auf and Paneth (1945) show that no changes occur in the helium con- 
tent of the air over almost the entire surface of the Earth. 

There is no regular change in the composition of the air as a func- 
tion of the height in the lower atmosphere, and it is unlikely that the 
gravitational separation continues proportionally to further increase 
in height because helium has not been observed at the height of 1,000 
km in the auroral spectra. However, the absence of helium might be 
the result of its dissipation into the void if there is an increase of tem- 
perature in the upper atmosphere. Because the velocity of escape 
from the gravitational control of the Earth is 11.2 km - sec” 1 and the 
mean molecular velocity at 0° C. is 1.84 km -sec -1 for hydrogen and 
less for all other gases, the Earth should be able to retain its present 
atmosphere if the temperature of the upper atmosphere is not too 
high. There is no evidence indicating that the heavier gases would 
have been lost since the cooling of the Earth approximately to its 
present temperature. Yet there is conclusive evidence that the Earth 
is actually slowly losing helium, if the amount of helium generated 
during the geological history of the Earth by radioactive decay is 
compared with that present in the atmosphere. 

It has been previously assumed that hydrogen is concentrated in 
the uppermost parts of the atmosphere. However, no hydrogen is 
present at 21.5 km height (Shepherd, 1936), and spectrographic evi- 
dence shows that the uppermost atmosphere does not consist of pure 
hydrogen. 

The effect of the activities of man on the composition of the at- 
mosphere is geochemically of much importance, because increasing 
amounts of carbon monoxide and dioxide are released into the at- 
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mosphere as a result of the combustion of coal, petroleum deriva- 
tives, and other carbonaceous fuels, and by fermentation. The effect 
caused thereby is discussed in chapter 19. Other substances resulting 
from these activities, such as sulfur dioxide and trioxide, are of only 
local importance, with the possible exception of the radioactive sub- 
stances released by atomic fission. 

ATMOPHILE CHARACTER OF ELEMENTS 

The elements which are notably enriched in the atmosphere are 
called atmophile. This group, as listed in Table 4.8, includes hydro- 
gen, carbon (as carbon dioxide), nitrogen, oxygen, and the inert 
gases. These elements form the bulk of the atmosphere. It must be 
pointed out, however, that only the inert gases and nitrogen are typi- 
cally atmophile. The former are chemically highly inert and are 
consequently found only as free gases in Nature. When found in the 
lithosphere and the hydrosphere, they occur only as gaseous inclu- 
sions or trapped in crystal structures. Nitrogen, on the other hand, 
appears to be mainly in chemical combination in rocks (Lord Ray- 
leigh, 1939) . However, it is not very likely to combine with other ele- 
ments and accordingly is concentrated, for its greatest part, in the 
atmosphere. Oxygen is also enriched in the atmosphere, but the 
amount present therein is very small as compared with the huge 
amounts bound within the lithosphere and the hydrosphere. In spite 
of the concentration of oxygen in the atmosphere, its atmophile char- 
acter is not very pronounced. 

According to Goldschmidt (1933 6), the halogens chlorine, bromine, 
and iodine, which might have escaped from the primordial atmos- 
phere, are also included in the atmophile group of the elements. In 
any case the concentration of these elements in the present atmos- 
phere is too low to allow them to be called atmophile in the proper 
sense of the word. 

The cycle of the atmophile elements will be presented in connec- 
tion with the discussion of their geochemistry in Part II of this book, 

TEMPORARY CONSTITUENTS OF THE ATMOSPHERE 

A certain amount of matter, other than the gaseous constituents 
of the atmosphere, is always present therein, causing the constant 
impurity of the air in the troposphere. This matter consists of inor- 
ganic and organic constituents and organisms. 

Meteors of varying size are constantly piercing the atmosphere. 
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They lose fine particles and are oxidized by the friction against the 
air blanket during their flight, whereby meteoritic dust is formed, 
which finally settles down to the surface of the Earth. According to 
Mninger (1940), the contribution of meteoritic dust is greater than 
was earlier believed, amounting to several thousand grams per square 
kilometer annually. 

Volcanic eruptions and explosions may throw considerable quan- 
tities of finely divided material high into the atmosphere. The classi- 
cal example is the explosion of the Volcano Krakatao in Sunda Strait 
in 1883, in which volcanic dust was thrown to a height of 40 km into 
the air. This resulted in meteorological phenomena discernible the 
world over for a period of several months after the explosion. 

Very considerable amounts of dust are present semipermanently 
or temporarily in the atmosphere. Winds transport much material, 
srfdh as sand, volcanic ash, dry soil, and dust, especially from semi- 
arid* and arid regions. The total volume of dust in the atmosphere, 
according to Humphreys (1940), is roughly equal to a cube with 179 
meters on the side. Mildner and Rotschke (1935) have found up to 
23,500 dust particles of a diameter of 2.5 -10“ 5 to 2*10~ 3 cm in a 
lifer of air, the highest numbers being caused by industrial activity 
and fires. However, the number of the particles decreases very rapid- 
ly, with height. 

When deposited, the wind-borne material may account for a con- 
siderable contribution of material, e.g., to the ocean-bottom sedi- 
ments. The great dustfall in southeastern Europe between April 26 
and 29, 1928, brought down more than 3.5 *10 6 tons of dust; the 
quantity of dust per square kilometer varied from 4 to 59 tons (Stenz, 
1930). Such amounts are not without geochemical importance be- 
cause they may modify the composition of precipitation and that of 
soil, river water, etc. Many colored rains and snowfalls are due to 
dust brought down by precipitation. 

Because of the lifting and carrying capacity of the winds, plants, 
animals, and their products may also be temporarily suspended in the 
atmosphei'e. The quantity of such matter is high in summer and low 
in winter and decreases with increasing height. 

* » The activity of man in contaminating the atmosphere is of much 
geochemical importance. In cities and in the environs of industrial 
districts the amount of dust and soot in the atmosphere may be con- 
siderable. A maximum fall of 114.05 tons of dust per square mile per 
month forT943-47 is reported for Chicago, and the soot content of 
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the dust attained a maximum of 26.70 tons per square mile per month 
(Chambers, 1948). The maximum dustfall per month for the period 
1945-47 in Los Angeles was 42.1 tons per square mile (Rich, 1948). 
These values show the higher degree of contamination in the coal- 
burning Middle West of the United States, as compared with the oil- 
burning Pacific Coast. Considerable quantities of arsenic, germani- 
um, and other elements present in coal ashes (see Table 8.5) are thus 
deposited on the Earth’s surface as a result of the combustion of coal. 
This process forms a definite part in the geochemical cycle of these 
elements. In like manner vanadium and other trace metals found in 
petroleum and those added to some petroleum products, e.g., lead in 
gasoline, are distributed by meteorological processes. 

RAIN WATER 

The most important geochemical feature of the atmosphere is the 
fact that oxygen and water vapor present therein cause the chemical 
disintegration of rocks and their minerals on the Earth’s surface. 
Dry oxygen is comparatively inert, but in the presence of water 
vapor its reaction rate increases. There is a continuous cycle of water 
from the hydrosphere to the atmosphere and back to the former 
either directly by precipitation or indirectly by drainage. This cycle 
also includes a transport of salts from sea water, called cyclic salts. 

During the condensation of water vapor evaporated from the hy- 
drosphere, the salts present in the atmosphere, together with oxygen, 
carbon dioxide, and nitrogen compounds, dissolve in rain water and 
thus come into contact with weathering rocks. Other substances be- 
come dissolved from the surface of the Earth and increase the decom- 
posing power of water. The rain water acts, accordingly, as an effec- 
tive carrier of substances which promote chemical denudation in 
transporting them to the surface of the Earth and distributing them 
into the weathering rocks. Rain w^ater has a direct solvent action on 
minerals and rocks, but its action is also indirect. Notable amounts 
of dissolved solids are lifted up from sea water into the air by the 
action of spray and surf, and thus the salts of sea water follow 
through the cycle of water. Their presence in many instances in- 
creases the reaction rate of rain water. 

Both inorganic and organic matter is dissolved in rain water. Par- 
ticulate matter is also often present, especially near cities. The most 
important of the dissolved inorganic constituents are chlorides, sul- 
fates, nitrates, t and nitrites of sodium, potassium, calcium, and mag- 
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nesium. In addition, nitrogen in the form of free ammonia is present, 
as is also organic albuminoid ammonia. The sources of ammonia are 
soil, ocean, and pollution from cities. Humus is often present in rain 
water, and Dhar and Ram (1933) report a content of 0.00015-0.0012 
g/1 formaldehyde, H-CHG, as a constituent of precipitation. 

The gases dissolved in rain water consist of approximately 63 per 
cent nitrogen by volume, 34 per cent oxygen, and 3 per cent carbon 
dioxide and other gases. Oxygen and carbon dioxide are definitely 
enriched in these gases, as compared with their concentration in the 
air, and thereby the reaction rate of rain water is increased. 

TABLE 7.3 

Inorganic Constituents in Kain Water 


Compound 

Concentration in Rain 
( mg/kg) 

City of Ivnoxville, 
Tennessee, U S.A. 

11 Milos fiom 
Center of Knoxville 

K 

5 5 

2 6 

Na 

3 6 

1 5 

Ca 

% 8 

0 9 

Mg 

0 7 

0.4 

S0 4 

14 5 

5 6 

Cl 

6 5 

3.3 


The chemical composition of rain water is highly variable, depend- 
ing on the proximity of the sea, the character of the surrounding 
country, density of population, and the industrial activities of man. 
The smoke from cities and industrial districts may cause an increase 
of several hundred per cent in the S0 3 and C0 2 content of rain water 
over the amounts found in rural districts. On the other hand, the 
content of chlorine and nitrogen does not vary widely in such cases 
(Riffenburg, 1925). Changes in the composition of rain water which 
depend on the surroundings are illustrated by the analyses in Table 
7.3, carried out by MacXntire and Young (1923) and recalculated by 
Conway (1942). The values recorded show that the content of the in- 
organic constituents decreases rapidly on passing from the center of 
contamination. 

During rainfall the composition of the precipitation varies. The 
purest water is obtained from rain after tropical thunderstorms. 
High winds cause the presence of much dust in the atmosphere, which 
increases the content of dissolved solids in rain water. 
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It is evident that no good average composition can be calculated 
for the precipitation, although some authors have preferred to use 
averages calculated from a large number of individual rain-water 
analyses. However, many of the old analyses seem to be unreliable 
(cf. Bertrand, 1935; Volk, Tidmore, and Meadows, 1945). Compara- 
tively little reliable information is consequently available on the 
composition of the different forms of precipitation. 

Some analyses of rain water are collected in Table 7.4, according to 
Riffenburg (1925), Shutt and Hedley (1925), and Israel (1934). This 

TABLE 7.4 


Composition of Rain Water 


Constituent 

Average 

Rain 

Water 

(Rtffen- 

burg) 

Rain 
Water, 
Washing- 
ton, D C , 
U.S A. 
(Riffen- 
burg) 

Rain ani> 
Snow, 
Canada 
(Shutt and 
Hedley) 

i 

Rain, 

Leiden, 

Nether- 

lands 

(Israel) 

Rain, 
MorNT 
Vernon, 
Iowa, 
U.S. A. 

Snow, 

Mount Vernon, 
Iowa, U.S. A. 

Parts per Million (g/ton) 

Chlorides 

3 0 

trace-3 0 


4 IS 

0-46.15 

0-120 7 

Sulfates 

5 0 

1 0-17 0 



0-283 40 

0-14 

Nitrates 

0 2 


1 


0-6.000 

0-2 3 

Nitrites 



jU A to 


0-1.35 

0-1 00 

Free ammonia . 

0 4 


0 515 


0-14 20 

0-1 6000 

Albuminoid am- 







monia 



0 114 


0-28 00 

0 002-2.200 

pH 


4 4-7 7 






table also contains the ranges in concentration obtained at Mount 
Vernon, Iowa, U.S.A., until 1938, according to analyses published by 
numerous authors. 1 

Chlorides are among the most abundant constituents of precipita- 
tion, and, along with carbon dioxide and sulfates, they are geochemi- 
eally the most important constituents therein. The average chloride 
content of rain falling on continental areas would seem to be 3-4 
g/ton, but Collins and Williams (1933) suggest, on the basis of more 
than two hundred analyses of rain water collected in the United 
States, that the content of chloride is less than 0.3 g/ton. The higher 
values are due to contamination by the soot and fumes resulting from 
the combustion of fuel in cities and by the spray near the seashore 

1. These analyses are published in numerous papers in the Monthly Weather Review. 
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when the wind is landward. In the latter case the chloride content 
may be very high. Irwin (1925) reports as much as 226 g/ ton NaCl 
in rain water when the sea has had a few days of storm, and Miller’s 
(1914) maximum chlorine content is 3,920.0 g/ton in rain water 
collected at Butt of Lewis, Outer Hebrides, Scotland. A fall of salt 
crystals was reported in Mantua, Italy, in 1879. Jacobs’ (1937) anal- 
yses prove that there is considerable chloride in the air and that the 
supply is continually being replenished from the sea. The sea- water 
droplets suspended in the air are semipermanent constituents, being 
able to remain therein until removed through condensation and pre- 
cipitation. The chloride content of air near the sea is, according to 
Jacobs, 0.076-0.518 mg*m~ 3 , corresponding to 0.125 and 0.854 
mg 'Hi" 3 NaCl, respectively. Free hydrochloric acid as a constituent 
of rain water is of only local importance near centers of volcanic ac- 
tivity. 

The sulfate content of rain water is highly variable. The normal 
maximum content in precipitation is 2 g/ton (Collins and Williams, 
1933). Most of the sulfate in rain water comes from hydrogen sulfide, 
generated in shallow water on the continental shelves (Conway, 
1942), but the combustion of bituminous coal used for heating and 
industrial purposes seems to be an important local source. The S0 2 
produced oxidizes in the air rapidly to S0 3 . Additional sulfate is 
sometimes furnished by dust storms. The S0 3 content of rain water 
near cities and industrial districts is higher during the winter than in 
summer, owing to the greater amount of fuel consumed. Maclntire 
and Young (1923) believe that the major portion of sulfate in pre- 
cipitation derives from solid matter rather than from dissolved gases. 

Several comparative studies show the great differences in the sulfate 
content of rain water from rural districts and from industrialized 
areas. Schulz (1930) found 1.5-33.2 g/ton S0 3 in rain water and 
snow at a distance of 7 \ km from Hamburg, Germany, and 13.9-45.5 
g/ton in precipitation falling in the harbor of the same city. Some of 
the analyses of Maclntire and Young (1923) are given in Table 7.3. 
They found that the sulfur content in the rain ran parallel with the 
consumption of soft coal. Very high values were obtained near sulfide- 
ore smelters. According to Volk, Tidmore, and Meadows (1945), the 
amount of S0 3 per unit of surface in an industrial district in Alabama 
in the United States was 4.9-10.6 times as great as the average for 
rural districts. 

The nitrogen compounds in rain and snow have been investigated 
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extensively because of their agricultural value as soil fertilizers. The 
averages given by Riffenburg (1925) and by Shutt and Hedley (1925) 
are presented in Table 7.4. High nitrogen corresponds to high pre- 
cipitation; snow is decidedly lower in nitrogen compounds than is 
rain. The differences in the nitrogen figures are due to changes in the 
biochemical activity in the soil. After high winds the content of free 
and albuminoid ammonia in rain water increases, owing to the pres- 
ence of much dust in the atmosphere. Miller (1914) found that nitro- 
gen is largely present as ammonia in most inland rains, whereas in 
places near the sea, especially in tropical countries, nitrates tend to 
preponderate. This is due to the increased production of nitrates in 
the atmosphere in coastal rains because of violent thunderstorms. 
The content of ammonia nitrogen in rain w r ater is lower near the sea- 
shore than in inland areas. The biochemical processes taking place 
in the soil are the chief source of ammonia nitrogen in rain water. 

The amount of carbonate and bicarbonate in average rain water is 
low (Conway, 1942). Phosphates are uncommon. The content of iron 
and aluminum in precipitation is normally negligible. 

Lime and magnesia are often present in considerable quantities in 
rain water. They are partly derived from small particles of limestone 
dust and silicates found in the air as a result of combustion, indus- 
trial use of limestone, and uptake of carbonate- and sulfate-bearing 
dust by wind. Bertrand (1946), studying the Mg:Ca ratio in rain 
water and in outcropping calcareous rocks and industrial products 
derived therefrom in the area investigated, found much more mag- 
nesium in relation to calcium in rain water, in analogy with the rela- 
tionships of these metals in sea water. Since the Mg : Ca ratio of sea 
water is hundreds of times as high as that of limestones, the mag- 
nesium present in rain water is easily explained as deriving from 
the sea. 

If air lies in contact with a given part of the hydrosphere, it may, 
under certain circumstances, become saturated with water vapor. 
This results in the condensation of the water and in the formation of 
fog, mist, dew, rime, and the various forms of precipitation. Kohler 
(1925) established the presence of calcium and magnesium in rime 
and found that the Mg : €1 ratio therein corresponds to that in ocean 
water. He (Kohler, 1937) gives the averages based on analyses made 
at the Haldde Observatory in northern Norway shown in Table 7.5. 
The values show that the chlorine content of the precipitation is high 
enough to be responsible for all chlorine found in the surface water. 
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Houghton’s (1948) analyses of fog and cloud water are given in 
Table 7.6. His analyses also show the predominance of chlorides and 
sulfates near the seashore in these forms of atmospheric water. The 
pH values are a measure of the bicarbonate content (Conway, 1942) 
and show a higher concentration of this anion in the inland cloud 
water. 

TABLE 7.5 


Chlorine Content of Precipitation and Surface 
Water at the Haldde Observatory, Norway 


Water Derived from — 


Average Content of Cl 
(mg/1) 


Rain (Israel, 1934) 3 42 

Snow 2 097 

Lakes and creeks . 1.058-2 744 


TABLE 7 6 


Average Content of Dissolved Substances in Fog and Cloud Water 


Compound 

Foa, Kent 
Island, Nova 
Scotia, Canada 

Fog, Coast of 
Maine, U.S.A. 

Fog, SE. Coast 
of Massachu- 
setts, U S.A. 

: 

Cloud, Mount 
Washington, 
New Hampshire, 
U.S.A. 

Parts per Million 

Chlorides 

7 5 


35 

0.1 

Sulfates • 

13 

28 

18 

7 

pH 

7 0 



4 5 


CYCLE OF WATER AND SUBSTANCES DISSOLVED 
THEREIN IN THE ATMOSPHERE 

The atmosphere forms an important stage in the constant cycle of 
water and the substances dissolved therein. Wiist (1936) has pre- 
sented values for the water economy of the Earth, as being the most 
probable ones, which are reproduced in Table 7.7. The values show 
that 334 -10 3 km 3 water is evaporated from the oceans yearly. Of 
this, 297 • 10 3 km 3 returns directly to the sea, whereas the rest, 
37 -lO 3 km 3 , is supplied by runoff. On the land the difference be- 
tween the annual rainfall and the water supplied by evaporation from 
inland basins and from soil is 37 -10 3 km 3 , which is produced by 
evaporation of ocean water. 

The surface of the ocean is constantly agitated by wind and waves, 
and consequently much water is temporarily suspended in the at- 
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mosphere in the form of spray or small droplets of concentrated sea 
water. The water in the droplets evaporates and leaves the salts 
soaring in the air as small particles. According to Jacobs (1937), the 
number of the salt particles everywhere in the atmosphere is of the 
same order because the surface of the ocean is five-sevenths of the 
total surface area of the Earth, and the addition of salt particles and 
the mixing in the atmosphere are continuous processes. Many of the 
salt particles are of small size, thus being able to remain suspended 
in the air semipermanently and to travel long distances. They are 
finally brought down in precipitation and ultimately reach the sea, 
whereby their cycle is completed (cyclic salts). In 1877 Franz Posep- 
ny, the Hungarian geologist, attributed the presence of sodium chlo- 
ride in inland waters largely to cyclic salts. Quantitative calculations, 


TABLE 7.7 

Annual Precipitation and Evaporation 
on the Earth 


Area 

Precipitation 

Evaporation, 

(10 3 km 3 ) 

(10 s km 3 ) 

Ocean 

297 

334 

Land 

99 

62 

Total 

396 

396 


showing the amount of these salts in river water, were published by 
Conway (1942; see chap. 6). 

The salt particles are believed to be important as condensation 
nuclei (Kohler, e.g., 1941; Israel, 1934; Jacobs, 1937). Other nuclei 
consist of small hygroscopic particles of dust and combustion prod- 
ucts, aggregates of gas molecules, some liquid particles, e.g., small 
droplets of sulfuric acid in industrial areas, etc. The oceans contrib- 
ute most of the nuclei over and near them, whereas the nuclei result- 
ing from combustion are important near their sources. The salt con- 
tent of precipitation, as compared with that of sea water, is presented 
in Table 7.8, which is quoted from Jacobs (1937), who uses Kohler’s 
rain-water analyses. 

The percentages of sodium chloride and magnesium chloride in the 
rain and in sea water are almost identical, and this fact affords proof 
of the marine origin of the dissolved salts. 

The analyses of precipitation given in the preceding paragraphs 
show that the content of dissolved salts is greatest near the seashore 
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and falls off with growing distance from the sea, because only a part 
of the suspended salts is carried inland by the winds. Kohler (1925) 
calculated that the amount of salts carried annually from the sea to 

TABLE 7.8 

Dissolved Salts in Sea Water and in Precipitation 


Salt 

Sea Water 

Precipitation 

Concentration 
in Parts per 
Thousand 

Per Cent 
of Total 

Concentration 
in Parts per 
Million 

Per Cent 
of Total 

NaCl 

27.213 

77.758 

5 03 

77 50 

MgCL 

3 807 

10 875 

0 70 

10.79 

MgS0 4 

1.658 

4.737 

0 47 

7 24 

CaS0 4 

1 260 

3.600 

0.29 

4.47 

K 2 S0 4 

0 863 

2.465 



CaC0 3 

0 123 

0 345 



MgBra 

0.076 

0.217 



Total 

35 000 

99.997 

6 49 

100 00 


TABLE 7.9 

Yield of Salts Contained in Precipitation 
in Normandy, France, in 1851 


Compound kg/hectare 

NaCl 37.5 

KC1 8.2 

MgCl 2 2 5 

CaCl 2 1.8 

Na 2 S0 4 8 4 

KjS0 4 8.0 

CaS0 4 6.2 

MgS0 4 5.9 

Na 17 4 

K 7 9 

Ca 2 4 

Mg 1.9 

Cl 29.5 

S 6.4 


the atmosphere is 196,985 -10 4 tons. This amount is already of a 
certain geochemical moment. According to the old analyses of Pierre, 
quoted by Clarke (1924), the annual yield of salts per hectare in 
Normandy, France, in 1851 was as shown in Table 7.9. However, 
Maclntire and Young (1923) conclude that the bulk composition of 
soil is not more changed by rainfall than it would be if the precipita- 
tion consisted of pure water. 
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GEOCHEMISTRY OF THE 
BIOSPHERE 

THE BIOSPHERE AS A GEOCHEMICAL SPHERE 

T HE biosphere consists of plants, animals, and micro-organisms. 

The concept of the biosphere was introduced into biology early 
in the nineteenth century by the French naturalist, Jean de Lamarck 
(1744-1829). The importance of the vegetable and animal organisms 
in geological phenomena was emphasized, in 1875, by the Austrian 
geologist, Eduard Suess (1831-1914), who also introduced the name 
biosphere to denote organic Nature as a whole. The biosphere occu- 
pies the lower part of the troposphere, probably the whole hydro- 
sphere, and forms, in addition, a thin layer on the lithosphere. It is 
the region where changes caused by the radiation of the Sun take 
place. It is the part of the Earth which is capable of sustaining life. 
Contrary to the hydrosphere, the biosphere is more uniformly dis- 
tributed over the total surface of the Earth, and only in polar re- 
gions, on top of the highest mountains, and in deserts is biological 
activity slight or negligible. 

The upper limit of the biosphere lies at a height of approximately 
5 km in the troposphere. Spores have been found at a height exceed- 
ing 4,800 m, and Glick (1939) has collected insects and spiders at 
4,200-4,500 m. The lower limit of the biosphere lies at a depth of 
1,800 m in the lithosphere, where ZoBell (1946a) found living bac- 
teria in oil-well brines. Bacteria are present on the ocean bottom, at 
a depth in excess of 4,800 m. 

The biosphere is usually divided into three main parts or habitats, 
called biocycles — the terrestrial, fresh-water, and marine biocycles. 
The latter is, quantitatively, the most important of the three. It af- 
fords approximately three hundred times as much inhabitable space 
for plants and animals as do the two other biocycles together. The 
importance of the marine biocycle is illustrated by the fact that most 
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of the Earth’s oxygen is produced therein, as is also the bulk of or- 
ganic substances synthesized. According to Riley (1944), the total 
oceanic carbon metabolism is around 126 - 10 9 tons per year and the 
total for the entire Earth about 146-10° tons. 

The marine biocycle consists of the benthic and pelagic divisions. 
The former includes the ocean floor, whereas the latter consists of the 
total mass of sea water. Marine organisms play an important role 
in the cycle of the inorganic and organic substances in the sea. Sea 
water is an ideal environment for living cells because it contains all 
the elements essential for the growth and maintenance of cytoplasm. 

The fresh-water biocycle forms a small fraction of the terrestrial 
biocycle. The atmosphere is not considered to form a biocycle be- 
cause permanent life does not exist therein. However, the atmosphere 
as a transitory abode of life is of some geochemical interest. Bacteria 
are often abundant in air masses of continental origin. Spores and 
pollen are reported to soar as high as approximately 5 km in the air. 
Insect particles in the atmosphere may be more abundant than all 
the pollen, and the total number of insects in an air column with a 
base of 1 square mile between 15 and 4,200 m over the Earth’s surface 
averages 25,000,000 (Glick, 1942). 

The branch of geochemistry dealing with the biosphere is often 
called biogeochemistry. The importance of organisms as geological 
agents was emphasized by F. W. Clarke in the various editions of 
his Data of Geochemistry. The effect of the biosphere on chemical 
phenomena taking place on the surface of the Earth has been exten- 
sively studied, since 1916, by V. I. Vernadsky, followed by A. P. 
Vinogradov and other scientists at the Biogeochemical Laboratory of 
the Academy of Sciences of the U.S.S.R., founded in 1929. 

If the weight of the biosphere is taken as unity, the relative 
weights of the three uppermost geochemical spheres of the Earth 
may be expressed by the following figures: 


Hydrosphere 69,100 

Atmosphere 300 

Biosphere 1 


The relative weight of the uppermost part of the lithosphere, using 
the same unit, would be of the order of 10 6 . In spite of the negligible 
mass of the biosphere, as compared with the other geospheres, its 
chemical activity is remarkable and its geochemical effect important. 
Thus the number of the plant and animal species constituting the 
biosphere is very high, as compared with that of the mineral species. 
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About 2,000 minerals are now known, whereas, so far, nearly 200,000 
different plants and 800,000 animals are found to exist in the bio- 
sphere. Most, if not all, of the free oxygen in the atmosphere is con- 
sidered to be the result of the chemical activity of the biosphere 
(photosynthesis) . The chalk cliffs and coral reefs afford proof of pro- 
fuse biochemical activity, and the floor of the ocean is covered by 
millions of square kilometers of siliceous sediments, produced by 
marine organisms, starting with a silicon content of 0.02-4.0 g/ ton 
in sea water. All carbon deposited in organogenic sediments was 
originally collected from the atmosphere containing about 0.03 per 
cent carbon dioxide by volume. These and other examples show that, 
in spite of its small mass, the biosphere is geochemically as important 
as the other geospheres. It should be noted, in addition, that the bio- 
sphere is an important agent in the migration and concentration of 
many elements forming ore deposits, some of which are of high eco- 
nomic importance. 

The green chlorophyll-containing plants in the biosphere are able 
to synthesize organic compounds from inorganic substances. The 
main raw materials for this process are carbon dioxide and water, 
which are united in photosynthesis. The opposite process is the res- 
piration by which the organic carbon compounds synthesized by 
plants are oxidized. Respiration is the main source of the energy 
needed in the functions of animals. 

The activity of plants, animals, and micro-organisms in the bio- 
sphere results in the formation of a number of sediments, such as 
coal, brown coal, and petroleum; organogenic carbonate and siliceous 
sediments; phosphorite; and guano. However, these sediments are 
not usually considered a part of the biosphere proper. 

The biosphere is the youngest of the geochemical shells of the 
Earth. The oldest trace of organic activity so far encountered is the 
Arche an fossil, Corycium enigmaticum Sederholm (Rankama, 1948a), 
possibly a primitive alga, whose age is about 1,400 million years. The 
formation of the biosphere may have been started by the photochem- 
ical formation of simple organic compounds (Wildt, 1943). The 
photochemical synthesis of formaldehyde, 

H 2 0 + C0 2 + hv -> H • CHO + 0 2 , 

is believed by many scientists to be the first step in the generation of 
life on the Earth. 
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BIOPHILE CHARACTER OF THE ELEMENTS 

The classification of the elements according to their geochemical 
nature given in Table 4.3 reveals the presence of a group of biophile 
elements. These are elements occurring typically in the biosphere. 
Apart from the biophile elements proper, all those known to be pres- 
ent in organisms are called biological elements. They are known to 
vary considerably in importance, amount, and distribution in the 
organisms. Some of them are basic elements met in every organism, 
whereas others occur only in certain species. Among the basic ele- 
ments, oxygen is essential for the maintenance of animal life, nitro- 
gen and carbon for that of the plants, and hydrogen and oxygen (as 
water) for all living organisms. So far, sixty elements have been found 
to be present in the biosphere. Combined, they form all biological 
material, which is composed chiefly of water, carbohydrates, pro- 
teins, and lipids. These compounds participate in chemical reactions 
with their environment. 

Fearon (1933, 1947) has classified the biological elements accord- 
ing to their content in the organisms (Table 8.1). Radium is added 
to Table 8.1 because it is concentrated by some organisms. There are 
eighteen invariable elements, among which the primary ones make 
up the bulk of all living matter; they are found in all known organ- 
isms and largely determine their physical structure. The invariable 
secondary elements, even though equally indispensable, are present 
in much lower percentages, and the content of the invariable micro- 
constituents is minute. Among the variable elements, some are found 
in relatively high concentrations in certain species, whereas they are 
absent in other, even related, species. Notable differences are also 
found between plants and animals with reference to their composi- 
tion. To use the metaphor of Bertrand (1939), the plants and ani- 
mals, from a chemical viewpoint, appear as a certain kind of oligar- 
chy, in which an immense crowd, consisting of atoms of indispensable 
framework-forming elements, is governed by a minority of catalysts. 

The biological elements have a number of important functions in 
the organisms (Fearon, 1947). Carbon and nitrogen are found in the 
framework of plant and animal tissue. Calcium, magnesium, fluorine, 
silicon, and phosphorus occur in the hard shells and skeletons of 
many organisms. Hydrogen and oxygen are energy-exchange ele- 
ments. Some elements are found as electrolytes and osmotic regula- 
tors in cell liquors (Na, K, Ca, Mg, Cl as chloride, C as carbonate, 
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and P as phosphate). Still others act as catalysts in oxidation-reduc- 
tion systems (Fe, Cu, Mn, Zn, I, S), or as activators of enzymes (Ca, 
Mg, Co) . Certain elements may replace others in their functions (Be 
substitutes for Ca and Mg; Sr and Ba for Ca). The function of some 
elements, e.g., nickel, molybdenum, and silver, is still very incom- 
pletely known. 

The presence or absence of an element in an organism depends pri- 
marily on its physiologic functions. Some elements are present only 


TABLE 8.1 

Distribution of Elements in Organisms as Per- 
centage of Body Weight 



Invariable 



Variable 


Primary 

60-1 

Secondary 

1-0.05 

Microconstit- 

uents 

<0 05 

Secondary 

Microoonstit- 

uents 

Contaminants, 

among 

Others 

H 

Na 

B 

Ti 

Li 

He 

C 

Mg 

F 

V 

Be 

A 

N 

s 

Si 

Zn 

A1 

Se 

0 

Cl 

Mn 

Br 

Cr 

Au 

P 

K 

Ca 

Fe 

Cu 

I 


Co 

Ni 

Ge 

As 

Rb 

Sr 

Mo 

Ag 

Cd 

Sn 

Cs 

Ba 

Pb 

Ra 

Hg 

Bi 

Tl 


as temporary constituents; others are essential for the normal evolu- 
tion and functions of the organism, and in some cases their detailed 
role in the metabolic processes is known. An element may be consid- 
ered essential if its absence causes functional disturbances in the or- 
ganism; but this does not imply that it is necessarily essential for any 
other organism because the requirements of even closely related 
species may be different. Some elements may be accumulated by or- 
ganisms far beyond all physiologic requirements, if any. Some non- 
essential elements may be concentrated in plants as a result of their 
defective power of selection. The plants often cannot distinguish be- 
tween essential and nonessential elements, especially because the 
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final evaluation of the elements seems to take place within the plants 
in the cytoplasm of the cells. The nonessential elements taken up by 
plants act only as fellow-travelers of the essential ones. 

The role of the various elements in biogeochemical processes will 
be discussed in Part II of this book. 

POSITION OF THE BIOLOGICAL ELEMENTS IN THE 
PERIODIC TABLE 

Several attempts have been made to establish the relationships be- 
tween biophile elements and the Periodic Table. Thatcher (1934) 
pointed out that nearly all elements having a function in plant nutri- 
tion are found in the first four periods of the Periodic System, where- 
as the heavier elements, with the exception of molybdenum, are not 
necessary for plants. Another relation between the elements essential 
for plants and the Periodic System was established by Frey-Wyssling 
(1935) on the basis of earlier results which indicated that potassium, 
chlorine, and calcium, because of their atomic structure, are the least 
toxic elements to plants. When a line is drawn in the Periodic Table 
to connect carbon and argon, it passes through, or near, the places of 
all the essential elements. The line is called the nutrient line. It is 
shown in Figure 8.1, modified from Frey-Wyssling (1935). 

The general relationship between the biological elements and the 
Periodic System is shown in Figure 8.2, wdiich is adapted from Webb 
and Fearon (1937). According to these authors, the invariable bio- 
logical elements, with the exception of lithium and beryllium, occur 
above the upper (dashed) line. Variable elements are those between 
the two lines, and the contaminants and nonbiological elements oc- 
cupy places below the continuous line. Leuthardt (1941) has ex- 
plained this regularity as a result of the assumption that the capacity 
of plants to collect elements of a group or subgroup in the Periodic 
System changes continually with the atomic weight. Consequently, 
if the plant cannot distinguish between the nth and the (n + 2)th 
element within a group in this respect, its selection power does not 
suffice to distinguish between the nth and the (n + l)th element 
either, and the result is a gapless aiTangement of the elements. 

THE AVERAGE CHEMICAL COMPOSITION OF 
LIVING MATTER 

Single species of plants and animals, although of high importance 
in biology and party also in biochemistry, are of minor importance 
in biogeochemistry proper. The average chemical composition of all 
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animal and vegetable matter, on the other hand, is of high impor- 
tance for the geochemical knowledge of the biosphere. It must be 
stated, however, that the information available on this subject is 
very scarce. 
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Fig. 8.1 The biological elements in the Periodic Table and the nutrient line. 1 , basic 
elements; 2 , other essential elements; 3 > elements enriched by certain organis ms . 
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Fig. 8.2 — The three groups of the biological elements in the Periodic Table 


In Table 8.1 a classification of the biological elements was present- 
ed according to their importance and content in the organisms. Vino- 
gradov (1933) states that the chemical composition of all organisms 
is very similar, if such elements as carbon, hydrogen, oxygen, nitro- 
gen, phosphorus, and sulfur are considered, whereas the content of 
the trace constituents of the organisms shows great variations from 
species to species. 
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In general, the average chemical composition of the organisms is 
reminiscent of the composition of their environment. It appears to be 
probable that the quantitative chemical composition of an organism 
is a specific feature. However, there are relatively constant ratios be- 
tween carbon, nitrogen, and phosphorus in all living matter. With 
special reference to animals, the elementary composition of verte- 
brates appears to be more constant than that of invertebrates. In the 
former the trace elements, even when essential, are found in very 
minute quantities as compared with their amounts in some lower 
organisms (Webb, 1937). 

TABLE 8.2 

Average Chemical Composition 
of Organic Matter* 


Element 

Percentage Composition of — 

Carbohydrates 

Fats 

Proteins 

0 . . 

49 38 

17 90 

22 4 

c .. 

44 44 

69 05 

51 3 

H 

6.18 

10 00 

6 9 

P . 


2 13 

0 7 

N. . 


0 61 

17 8 

S . . . . 


0 31 

0 8 

Fe 



0 1 

Total 

100 00 

100 00 

100 0 


* Based on material from Textbook of Comparative Physiology , by 
C. G Rogers. Copyright 1938. Courtesy oi McGraw-Hill Book Co. 


The primary invariable elements are essential constituents of car- 
bohydrates, lipids (fats), and proteins. Some other invariable ele- 
ments are also always present in the two last-mentioned groups of 
compounds. 

The following principal groups of substances can be established 
in the organisms: (1) organic material, largely carbohydrates, lipids, 
and proteins; (2) inorganic skeletal structures; (3) inorganic com- 
pounds dissolved in body fluids. The average composition of organic 
material is presented in Table 8.2, according to Rogers (1938). 

The skeletal material consists mainly of calcium carbonate, cal- 
cium phosphate, or silica. Analyses of skeletal material of some ma- 
rine organisms are presented in Table 8.3, the values recorded being 
quoted from those published by Clarke and Wheeler (1922). Some- 
times magnesium carbonate occurs as an important constituent of 
calcareous shells. It should be noted that sodium and chlorine, al- 
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though the most abundant elements of sea water, are not present in 
skeletal material. This is due to the high solubility of their com- 
pounds. 

Bertrand (1939) has published two analyses, showing the average 
total composition of man and the fabaceous forage plant, alfalfa. 
These analyses are given in Table 8.4. The values reproduced show 
that living matter consists nearly exclusively of eleven elements. As 
to the trace elements, iron is the most abundant one in man (0.005 
per cent, dry weight). Zinc comes next, with a content of 0.002 per 
cent, followed by copper (0.0004 per cent) and manganese (0.00005 

TABLE 8.3 

Reduced Analyses of Skeletal Material of Some Marine Organisms 


Compound 

Foraminifer 

(Orbiculma 

adunca) 

Calcareous 

Alga 

(Lithotkammum 

erubescens) 

Phosphatic 
Brachiopod 
( Discinisca 
lamellosa ) 

Stony Coral 
(Mima aff. 

If. dipsacea ) 

Per Cent by Weight 

S 1 O 2 

0.11 

0.20 

0.85 

0 15 

(Al,Fe) 2 0 3 

0.09 

0.13 

0 58 

0 05 

MgC0 3 

10 04 

16 96 

6 68 

0 09 

CaC0 3 

89 76 

81 59 

8 35 

99 71 

CaS0 4 


1 12 

8 37 

(?) 

Ca 3 P 2 0 8 

trace 

trace 

75 17 

trace 

Total 

100 00 

100 00 

100 00 

100.00 


per cent). The concentration of the constituents varies in different 
plants and animals. It should be noted that sodium and calcium are 
usually trace constituents in plants and that in many animals (verte- 
brates) calcium is a primary constituent. Compared with animals, 
plants are usually richer in manganese, nickel, aluminum, titanium, 
and boron but are impoverished in iron, zinc, and copper. 

In general, elements of low atomic number predominate in the or- 
ganisms. Such elements are enriched therein and form compounds 
that migrate readily, such as gases, soluble salts, etc., whereas other 
elements are impoverished which do not have this property, e.g., 
titanium, zirconium, and thorium; they form salts which are easily 
hydrolyzed. 

With reference to the single elements in nondehydrated organisms, 
the content of oxygen is more than 50 per cent of the mass of both 
plants and animals. Hydrogen comes next, with an average content 
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of more than 10 per cent. The third place is occupied by carbon, the 
element most typical of organic Nature. The carbon content varies 
between a maximum of 10-20 per cent in some terrestrial plants and 
animals and a minimum of less than 0.1 per cent in many organisms 
living in water. The plants form the bulk of the biosphere, and their 
carbon content is, according to Noddack (1937), approximately 
sixty times as high as that of animals. 

The average compositions presented in Table 8.4 show clearly that 
many of the constituents of the organisms are decisively impover- 

TABLE 8.4 

Average Total Composition of Living Matter 


Element 

Adult Man 
(Homo sapiens ) 

Alfalfa 
(MedOcago sativa) 

Per Cent of Dry Weight 

c 

48 43 

45 37 

0 

23 70 

41 04 

N 

12.85 

3 30 

H 

6.60 

5.54 

Ca 

3.45 

2 31 

S 

1.60 

0 44 

P 

1.58 

0 28 

Na 

0 65 

0 16 

K 

0 55 

0 91 

Cl 

0 45 

0 28 

Mg 

0 10 

0 33 

Total 

99 96 

99 96 


ished with reference to their concentration in the Earth’s crust (see 
Table 2.3). This phenomenon is most pronounced in the case of sili- 
con, aluminum, and iron and is well discernible for sodium, potassi- 
um, and magnesium. The most important invariable elements, like 
carbon, hydrogen, nitrogen, phosphorus, chlorine, and sulfur, on the 
other hand, are concentrated in living matter. The oxygen and cal- 
cium content is of a similar degree of magnitude in both cases. 
Hutchinson (1945) has presented a diagram showing the ratio of the 
mean concentration of elements in living plants to that in the upper 
lithosphere. This diagram, reproduced in Figure 8.3, shows the im- 
portance of the above ratio in determining the biological availability 
of the elements. 

If the average contents presented in Tables 8.1 and 8.4 are com- 
pared with those showing the abundance of the elements in the upper 
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lithosphere (Table 2.3), it becomes evident that the organisms are 
able to select the necessary biological elements irrespective of their 
concentration in the environment, which is ultimately the Earth’s 
crust. Similarly, a comparison of the two tables with Table 6.17 gives 
the same result w T ith reference to sea water. On the other hand, it 
must be noticed that some of the more abundant elements of the up- 
permost lithosphere are used by organisms only with reluctance or 
will not be taken up at all. 


Ra 



2 3 4 5 6 

IONIC CHARGE 


Fig. 8.3. — Concentration ratio of elements in living plants and in the upper lithosphere. 
(Based on material from Soil Science, Vol. 60, 1945. Courtesy of The Williams & Wilkins Com- 
pany). 

ESSENTIAL ELEMENTS IN PLANTS AND ANIMALS 
The organic life has deeper roots in inorganic substances than was 
previously believed. According to classical plant physiology, the fol- 
lowing ten elements are essential for the healthy growth of plants: 
C, H, 0, N, S, P, K, Ca, Mg, and Fe. The seven last-mentioned ele- 
ments in this group are called the major nutrients or the mineral 
nutrients. The electrically positive elements among these are taken 
up by plants as positive ions, whereas the electrically negative ones 
are introduced in the form of complex ions: nitrates (or ammonium), 
carbonates, phosphates, and sulfates. Oxygen is brought in as free 
molecules, as complex anions, and as water. Hydrogen is carried as the 
H + ion or as undissociated water, and carbon in the form of products 
formed in photosynthesis and as ^water-soluble carbonates. 
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However, later studies have revealed that these ten elements alone 
do not suffice to guarantee the growth and life of plants. Many other 
elements are now known to be essential for plants or to promote 
their growth. Thus boron, manganese, copper, zinc, molybdenum, 
and perhaps gallium are essential for the healthy growth of plants. 
These elements are called the micronutrient elements, because their 
characteristic physiological effects are combined with administration 
in small amounts. Some elements are, by laboratory experiments, 
found to promote, if present in small amounts, the growth of some 
plants. This group includes, among others, lithium, titanium, tin, 
vanadium, fluorine, bromine, iodine, and nickel. In greater concen- 
trations nearly all these elements are highly poisonous. Still other 
elements are believed to have a role in plant nutrition, but they have, 
so far, not been studied in detail. Some elements, like aluminum, sili- 
con, and chlorine, are known to be accumulated at least in some spe- 
cies or genera, and it is possible that they are, in small quantities, es- 
sential for such plants. However, it cannot be concluded that an ele- 
ment which stimulates growth is necessarily essential for growth. The 
absolute amount of a trace element is often not of decisive impor- 
tance, whereas the relative amounts of two or more may be most 
significant. Certain elements — manganese, zinc, aluminum, magnesi- 
um, and iron — which form an essential part of the structure of vita- 
mins and enzymes in particular, are directly associated with vital 
life-processes where these substances are involved. 

Most of the essential and micronutrient elements occupy places in 
the neighborhood of the nutrient line. With the exception of hydro- 
gen, the rule is valid which states that the toxicity of an element in- 
creases with greater distance from the nutrient line. Thus, for in- 
stance, in the series K-Rb-Cs, Ca-Sr-Ba, and Zn-Cd-Hg, the first 
element is indispensable, whereas the last one is toxic. This fact 
shows that toxicity, in general, increases with increasing atomic num- 
ber when elements belonging to the same group or subgroup are con- 
sidered. However, on the right-hand side of the Periodic Chart there 
are exceptions to this rule: arsenic seems to be more poisonous than 
antimony or bismuth, and tungsten is less toxic than chromium. The 
toxic effects depend, in addition, rather remarkably on the individual 
properties of the plant species. 

The well-established indispensable elements in animals are C, H, 
0, N, S, P, Na, K, Mg, Ca, Fe, and Cl. In addition, the following 
trace elements are known to be essential: I, Mn, Cu, Zn, and Co. Al- 
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though cobalt probably has no role in plant nutrition, it is known to 
be essential for ruminant animals, which collect their supply from 
plants. Many other trace elements are also established as constitu- 
ents of animals; but, compared with the knowledge concerning the 
occurrence and role of minor elements in plants, the information 
available on animals is still far from exhaustive. 

It is interesting to note the high biological importance of magnesi- 
um and iron, which are essential constituents of chlorophyll and 
hemoglobin, respectively. Without the two metals these compounds 
would not exist at all. 

PLANTS AND ANIMALS AS ACCUMULATORS OF ELEMENTS 

Certain organisms are accumulators of definite elements. Some 
plants are found to tolerate large quantities of elements which, even 
in small doses, are strong poisons to other species. Plants also accu- 
mulate and concentrate certain elements in their cells, especially in 
the green parts. Thus, e.g., aluminum is concentrated in many plants 
of the family Lycopodiaceae; silicon accumulates in monocotyledons; 
sodium and chlorine in halophytes. Some seashore plants concentrate 
rubidium from sea water, and radium accumulates in the genus 
Lemna in the spring and returns to sea water in the autumn upon the 
death of the plant. These elements are not essential for the species in 
question, and the concentration is totally independent of their value 
as plant nutrients. They are called ballast elements ( Ballastsioffe ; 
Frey-Wyssling, 1935). Even in the case of essential elements the 
most part of the supply in the plant organism is inactive, being stored 
away in cells as a reserve. 

Goldschmidt (19306) established the remarkable concentration of 
germanium in coal ashes; and continued studies by Goldschmidt and 
Peters (1933c) revealed the fact that many coal and brown-coal ashes 
contain exceptionally high amounts of certain trace elements as com- 
pared with their average content in the Earth’s crust. Examples of 
the accumulation are shown in Table 8.5, which is based on values 
reported by Goldschmidt (1937a). A high degree of enrichment can 
be expected only in coals with a low ash content, and the following 
elements are concentrated in coal ashes: Li, Be, Sr, Ba, B, Sc, Y, 
rare-earth metals, Zr, Hf, V, Co, Ni, Mo, Rh, Pd, Pt, Cu, Zn, Ga 
Ge, As, (Se?), Ag, Cd, In, Sn, Sb, I, Au, Tl, Pb, and Bi. Some coal 
ashes may also be exceptionally high in manganese. Stutzer (1940) 
quotes as high a content as 2.84 per cent MnO. Some coal ashes from 
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New Zealand may contain up to 48,000 g/ton boron (Coal Survey 
Committee, 1943), but such phenomenal percentages are probably 
attributable to the action of adjacent thermal waters. The above list 
contains elements belonging to the most diverse groups of the Peri- 
odic System. Along with typically lithophile elements, like beryllium, 
zirconium, and the rare-earth metals, noble metals with a pronounc- 
edly siderophile character are enriched in the coal ashes. Chalcophile 

TABLE 8.5 

Accumulation of Elements in Coal Ashes 


Element 

Content in Coal Ashes 
( g/ton) 

Content in 
Igneous 
Rocks 
( g/ton) 

Enrichment Factor 

Maximum 

Average 

Maximum 

Average 

Li 

500 


65 

8 


Be 

1,000 

300 

6 

170 

50 

B 

3,000 

600 

3 

1,000 

200 

Sc 

400 

60 

5 

80 

12 

Co . 

1,500 

300 

23 

65 

13 

Ni 

8,000 

700 

80 

100 

9 

Zn . 

10,000 

200 

132 

76 

1.5 

Ga. . ... 

400 

100 

15 

27 

7 

Ge 

11,000 

500 

7 

1,600 

70 

As. . . . 

8,000 

500 

5 

1,600 

100 

Y 

SOO 

100 

28 1 

28 

4 

Zr.. . 

5,000 


220 

23 


Mo . . ... 

500 

200 

2.5-15 

200-33 

80-13 

Ag . . 

5-10 

2 

0.10 

100-50 

20 

Cd 

50 

5 

0.15 

333 

33 

In 

2 


0 1 

20 


Sn 

500 

200 

40 

13 

5 

Pt . ... 

0 7 


0 005 

140 


Au 

0.2-0 5 


0 005 

100-40 


T1 

5 

1 

0 3-3 

17-2 

3-0 3 

Pb . . 

1,000 

100 

16 

63 

6 

Bi 

200 

20 

0 2 

1,000 

100 


elements are concentrated as well, among others, lead, bismuth, and 
arsenic. Strongly basic elements accumulate, such as lithium, and 
there are others, e.g., boron, which form complex anions. Conse- 
quently, the enrichment is independent of the chemical and geochem- 
ical character of the element. Another important feature is that the 
enrichment factors of geochemically heterogeneous elements are 
often of the same degree of magnitude or nearly identical. 

The concentration of the elements in plant ashes is also observed 
in recent plants. Goldschmidt (1934, 1937a, 1944) has presented 
analyses showing the concentration of rare elements in an old forest 
in central Germany. His values are given in Table 8.6. Other ele- 
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merits are also concentrated, for example, the rare-earth, metals in 
hickory leaves. Table 8.6 shows, in addition, a definite concentration 
for boron and manganese. In these instances the concentration de- 
pends on biological factors and takes place in the living plant. How- 
ever, the concentration during the decay of organic matter is more 
important geochemically. In this case the solutions circulating in the 
soil dissolve and extract inorganic compounds present in the subsoil 
according to their solubility. If the amount of water is small as com- 
pared with that of mineral soil, the rare elements will often be pref- 
erentially dissolved and relatively concentrated because the common 
elements, owing to their large amount in the soil, cannot be quanti- 


TABLE 8.6 

Content of Some Elements in Materials from the 
Forest at Sababurg a.d. Weser, Germany 


Analyzed Material 

B 2 0 3 

MnO j 

NiO 

GeOz 

AssOs 

Ag 

Au 

Per Cent by Weight 

Mineral soil (sand) .... 

0 0007 

0.04 

0 002 

0 0005 




Ashes from fresh oak 








leaves 

0 5-1 

2* 

0 005 

0 0005 




Ashes from oak humus. . 

0 02 

0.24 

0 01 

0 007 


0 0001 


Ashes from beech humus 

0 003 

0.14 

0 01 

0 007 

0 05 

0.0005 

0 00005 


* Ashes from fresh beech leaves. In beech leaves from the previous year 0.77 per cent MnO. 


tatively dissolved in a small quantity of water. The result is fraction- 
ating leaching, the opposite of fractionating crystallization. 

The solutions formed by this process enter the plant through the 
root system and deposit the greater part of the dissolved salts at the 
places of strongest evaporation, especially in the leaves. In leaves 
turning yellow and withering, the content of most of the minor ele- 
ments decreases; and the most soluble constituents, such as alkali, 
alkaline-earth, and magnesium carbonates, sulfates, and phosphates 
and humic complexes of iron and manganese, are leached out of the 
decaying leaves by rain water into the deeper layers of the soil, ready 
to re-enter the circulation. The sparingly soluble or the insoluble con- 
stituents of other metals, e.g., hydroxides and protein and humic 
complexes, are retained, partly by adsorption, in the humus layer. 
By such simple physical processes as evaporation and filtration, re- 
curring year after year, the plants will finally bring about the con- 
centration of a number of elements in the topmost layers of forest 
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soils, partly in the form of organic complexes, according to the solu- 
bility of the compound in question. The physical nature of the proc- 
esses accounts for the fact that elements with widely varying chemi- 
cal and geochemical properties become enriched. The following ele- 
ments are known to become concentrated in humus soils: A g, Au, 
Be, Zn, Cd, Sc, Tl, Ge, Sn, Pb, As, Mn, Co, and Ni. The concentra- 
tion principle outlined above may be conveniently called the Gold- 
schmidt enrichment principle. The concentration of elements in coal 
ashes was explained by Goldschmidt (1934, 1937a, 1944) in a similar 
way. The coals concerned are evidently analogous with recent soils 
rich in humus. They often form separate layers in the coal seams. It 
must be noted, however, that later enrichment phenomena in the 
coals and brown coals may be caused by circulating aqueous solutions 
as a result of adsorption on coal or of its reducing properties. Thus, 
for example, arsenic is frequently concentrated in the sulfide minerals 
found in coal seams. 

The factor regulating the degree of the enrichment is the plant 
species itself. It is known that vegetation, to a certain degree, is able 
to become accommodated according to the chemical properties of 
soil. Many plants are capable of concentrating certain elements oc- 
curring in soil near or above ore bodies. They apparently give rise to 
progeny rich in such elements, whereas other, sensitive, plants die 
out (for a summary, see v. Thyssen-Bornemisza, 1942). The classical 
zinc pansy, Viola calaminaria el zinci, shows a decided activity to- 
ward zinc and accordingly grows on waste-ore dumps of zinc mines 
in many places in central Europe. It contains up to 4 per cent ZnO 
in its ashes. Other plants, like the horsetails, Equisetum arvense and 
E. palustre , concentrate gold, and Viscaria alpina and Melandrium 
dioecum endure very high copper concentrations in the soil. Vogt and 
Braadlie (1942) have found the latter to thrive in an ore-poisoned 
soil with a copper content of 6,500 g/ton, whereas the normal copper 
content in mineral soil is only 20 g/ton. Droplets of metallic mercury 
have been found in the seed capsules of Holosteum umbellatum grow- 
ing on some mercury-rich soils. 

The ability of plants to indicate the chemical properties of soil has 
been applied to prospecting for metal ores (geobotanical prospect- 
ing) . The enrichment phenomena have also been adapted to similar 
purposes. Humus or plant samples are collected, and their ashes are 
analyzed by appropriate methods, e.g., spectrochemical analysis 
(biogeochemical prospecting; seeRankama, 1940, 19476). This meth- 
334 



GEOCHEMISTRY OF THE BIOSPHERE 

od was first introduced by S. Palm q vis t and N. Brundin in Sweden 
in 1937. 

Compared with plants, the animals seem to be able to concentrate 
only a limited number of trace elements. Copper forms a part of the 
molecule of hemocyanin, the respiratory pigment found in some 
crustaceans and in other lower animals. Copper, in the form of the 
proteins hemocuprein and hepatocuprein, is found in mammalian 
blood and liver, respectively. Vanadium is concentrated by the as- 
cidians, for which it is essential as the chromogen in the blood. Other 
marine animals, like the gastropod Pleurobranchns plumida and the 
holothurian Stichopus Moebii , are also known to concentrate this 
metal from sea water. Ants are rich in manganese, wdiich probably 
has some role in the formation of formic acid. Bromine as 3,5-di- 
bromotyrosine is concentrated in some corals, and the purple snails, 
Murex brandaris and M. purpureas , contain bromine in the form of 
dibromoindigo. In these animals bromine is concentrated from sea 
water. Iodine is concentrated in thyroxine, an amino acid found in 
the thyroid gland. 

The absence of certain of the essential elements in the soil may 
cause regional deficiency diseases in plants, in grazing animals, and 
even in man. The lack of the micronutrient elements is connected 
with their absence in the rocks of the area in question. The elements 
so far studied in detail in this respect include cobalt, iron, and copper. 
On the other hand, the accumulation of toxic elements in plants may 
also be the cause of pathological conditions. This may be due either 
to the abundance of such elements, e.g., arsenic and selenium in 
rocks and soil, or to the special affinity of a particular plant for the 
element. Thus, for instance, many species of the genus Astragalus are 
famous for their definite association only with seleniferous soils. 

Generally speaking, the geologically most ancient organisms 
(thallophytes, protozoans, etc.) are able to concentrate a much wider 
range of elements than are the highest modem animals (birds, mam- 
mals). Vinogradov (1933) has emphasized the widespread concen- 
tration of aluminum in Paleozoic flora ( Sigillaria , Lepidodendron , 
etc.) as compared with its enrichment in only rare cases in present- 
day plants (Lycopodiaceae) . 

PHOTOSYNTHESIS 

Most of the energy needed in the functions of living matter is pro- 
duced by respiration, i.e., by the slow combustion of organic materi- 
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al. Organic matter is oxidized in the biosphere at a daily rate of 
nearly 10 9 tons. The principal products of the oxidation are ultimate- 
ly carbon dioxide, water, and nitrogen. The rate of decomposition is 
high enough to destroy all organic matter in the biosphere in about 
twenty years, save for the fact that a corresponding amount of organic 
matter is contemporaneously synthesized. 

The decomposition and regeneration of organic matter forms a 
part of the geochemical cycle of carbon, oxygen, hydrogen, nitrogen, 
and the other elements constituting the organic compounds. The 
chemical process by which organic compounds are formed from car- 
bon dioxide and water is maintained by the green or chlorophyll- 
bearing plants. This process is called photosynthesis; it takes place 
under the action of sunlight and is the fundamental biochemical 
process, because all other reactions in plants and animals are based 
on the presence of previously synthesized compounds. Stable inor- 
ganic material is converted into organic compounds only through 
photosynthesis. 

Photosynthesis is the reverse of combustion. Normal photosynthe- 
sis, which occurs in the higher plants, mosses, and algae, consists of 
the combination of carbon dioxide and water in organic matter, 
whereby oxygen is released and escapes into the medium. Basically, 
the over-all reaction in question can be expressed by the equation 

(light) 

xC0 2 + 2/H 2 0 ^-4 C z (H 2 0) y + x0 2 . 

(plant) 

Several mechanisms have been suggested to account for the photo- 
synthesis. Among them, the following is at present believed to give 
the best illustration of the primary photochemical processes encoun- 
tered (Rabinowitch, 1945) i 1 

8H Z + 8X 8Z + 8ILY 

8Hx( +4{CCM ^{HCO.,1 +4X 

\-\--iZ > 4HZ -f- 4 A 

4{HC0 2 } >3C0 2 + H 2 0 + SCHoO) 

4 Z + 4H 2 0 > 4H Z + 0 2 + 2H 2 0 


4H 2 0 + 4{C0 2 } - ~ > {CH 2 0} + 0 2 + 3H 2 0 + 3CQ 2 

1. Quoted from Photosynthesis and Related Processes , Vol. I, by E. I. Rabinowitch, 1945. 
Courtesy of Interscience Publishers, Inc. 
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In this scheme X is an intermediate catalyst and Z another catalyst; 
one of them may be chlorophyll. The primary photochemical process 
is an oxidation-reduction reaction between eight molecules of X and 
eight molecules of Z. Although there probably occur minor variations 
in the mechanism of photosynthesis, the general character of the 
process must be the same throughout the vegetable kingdom. 

From the first products of photosynthesis formed in the plants a 
number of fats, proteins, nucleoproteins, pigments, enzymes, vita- 
mins, cellulose, and other substances are produced. They are oxidized 
and decomposed before or after the death of the plant. 

The chlorophyll-bearing plants are self-supporting (autotrophic) 
because they accumulate chemical energy. All other plants, e.g., 
fungi and most bacteria, are heterotrophic, being able to live only by 
feeding on the green plants and dissipating the energy accumulated 
by them. Some bacteria, called chemoautotrophic, are self-support- 
ing; they are able to synthesize organic substances in the dark. The 
energy required for the synthesis is furnished by changes in unstable 
inorganic or organic chemical systems. In the light, the purple bac- 
teria synthesize organic matter from carbon dioxide and hydrogen- 
bearing substances, such as hydrogen sulfide and fatty acids. This 
process is called photoreduction and is only temporarily activated by 
light. It is believed that the purple bacteria can exist only on ac- 
count of the high chemical potential still found in some places, par- 
ticularly in volcanic regions. It is possible that these bacteria were 
more important during the earlier stages of the evolution of the 
Earth, w r hen the chemical activity on the Earth’s surface was more 
widespread and pronounced than it is today. 

The total yield of photosynthesis has been estimated, by different 
methods and by a number of scientists, starting with Justus von 
Liebig in 1840. According to Rabinowitch (1945), the most probable 
value of the annual rate of carbon fixation on the Earth is of the order 
of 15 • 10 10 -20*10 10 tons, with at least four-fifths, and probably nine- 
tenths, of this amount contributed by the oceans. Probable values 
are 15.5 *10 10 and 1.9 *10 10 tons of carbon fixed by sea plants and 
land plants, respectively. Riley’s (1944) estimate is about 14.6 *10 10 
tons annually for the whole Earth, 12.6 TO 10 tons for the ocean. The 
comparison of this rate of carbon transformation by the plants with 
the total quantity of carbon available in the uppermost geospheres 
(see Table 19.3) reveals that the land plants assimilate, in less than 
ten years, a quantity of carbon equivalent to the total carbon bound 
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as dioxide in the lower atmosphere. If the total carbon reserve found 
in the hydrosphere and atmosphere, viz., 1,700 -10 10 tons, is con- 
sidered, it is found that the plants assimilate a quantity of carbon 
equal to this reserve in less than a hundred years. This value can be 
checked by the annual energy accumulation by photosynthesis, 
which is estimated by Rabino witch (1945) to amount to 3-10 21 cal, 
corresponding to the formation of 30-10 10 tons of organic carbon, a 
value which checks reasonably well with the estimates discussed 
above. 

Photosynthesis forms an important part in the cycle of oxygen. The 
amount of oxygen in the atmosphere is approximately 120,000 -10 10 
tons (or 12 Gg). If the annual rate of fixation of carbon by living 
organisms is assumed to be 15*10 10 tons, this amount is produced 
from 55* 10 10 tons of carbon dioxide, whereby 40 -10 10 tons of oxy- 
gen are liberated. It follows that the supply of oxygen in the atmos- 
phere must be renewed once every 3,000 years. It can also be calcu- 
lated that all the water in the hydrosphere is decomposed in about 
2*10 6 years. Consequently, all oxygen now present in the upper geo- 
spheres has repeatedly circulated in the cycle from the atmosphere 
through the biosphere into the hydrosphere and back during the 
geological history of the Earth. 

GEOCHEMICAL ROLE OE BACTERIA 

The very small, simple, single-celled organisms called bacteria are 
found to play important roles in the biosphere and the adjoining geo- 
chemical spheres. Their rate of multiplication is very high, and it is 
calculated that, at the rate of division once every 20 or 30 minutes, 
the progeny of a single spherical cell, 1 g in diameter, would produce 
a mass of the radius of the Earth in 3 or 4 days, provided that all 
survived. In the biochemical functions of the bacteria, about 30 or 
40 per cent of the assimilated organic material is converted into pro- 
toplasm, whereas the rest is oxidized to carbon dioxide and water or 
intermediate products. Carbon monoxide may also be formed. It is 
likely that the carbon oxides in marsh gas are produced by bacterial 
action. 

It is possible that a large percentage of humus and other residual 
organic matter in the older sediments consists of the cells of bacteria 
or their remains. 

It is calculated that bacteria utilize organic matter at the rate of 
10*10“ 12 mg per cell per hour (ZoBell, 1942). In the bottom sedi- 
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merits, from a depth exceeding 60 or 90 cm with a bacterial popula- 
tion of several thousands per gram, around XO 4 years would be re- 
quired from the bacteria in 1 g of the sediment for the oxidation of 
1 mg of organic matter. 

Although bacteria are exceedingly small, their high rate of mul- 
tiplication and their high physiological activity result in their par- 
ticipation in chemical reactions involving considerable amounts of 
matter and in their importance in the geochemical cycles of carbon, 
nitrogen, phosphorus, and sulfur. An abundant bacterial flora is 
found in recent sediments deposited on the ocean bottom, ranging 
from hundreds to hundreds of millions per gram of the sediment, and 
is still met at depths in excess of 4,800 m. Bacterial activity causes a 
gradual decrease with depth in the organic carbon and nitrogen con- 
tent of marine sediments. In general, there exists a correlation be- 
tween the numbers and kinds of bacteria and the chemical composi- 
tion and the physicochemical conditions of the sediments. Thus, for 
example, bacteria carry the main responsibility for changes in the pH 
of the sediments. The pH, in its turn, affects the redox potential. 
Some bacteria decrease the pH by producing carbon dioxide, oxidiz- 
ing organic matter to organic acids, hydrogen sulfide to sulfur or 
sulfates, and ammonia and other nitrogen compounds to nitrites and 
nitrates, or by utilizing ammonia and liberating phosphates or hydro- 
gen sulfide from proteins. A soil organism, Thiobadllus tkiooxidans , 
which oxidizes sulfur may produce a pH less than 1.0. The acids pro- 
duced by bacteria may dissolve calcium carbonate and other inor- 
ganic constituents from the sediments and thereby affect the cycle of 
calcium and the other elements considered. Other bacteria increase 
the pH by liberating ammonia from nitrogenous compounds, by 
utilizing carbon dioxide or organic acids, or by reducing sulfates and 
nitrates. Such bacteria favor the precipitation of calcium carbonate, 
especially in tropical bays with much organic matter, and the pres- 
ervation of calcareous sediments. 

Although bacteria do not contribute much to the mass of the sedi- 
ments, most of them produce numerous enzymes or biocatalysts 
which may continue to be active long after the organisms are dead 
and which are adsorbed by the bottom sediments. The anaerobic 
conditions in the recent marine sediments tend to preserve the en- 
zymes and make them available for the activation of various chemi- 
cal reactions which do not take place at ordinary temperatures and 
pressures. 
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Bacteria may have a high temperature and pressure tolerance. 
They thrive at the temperature from 0° to —4° C. found on the sea 
floor. Some species grow in hot springs with a temperature of 89° C. 
High hydrostatic pressures, up to 12,000 atm, are not found to limit 
their activity. On the other hand, the effect of the osmotic pressure 
is noticeable, and only a few species of soil and fresh-water bacteria 
tolerate salt water, although some halophilic species thrive in the 
most concentrated salt solutions, e.g., in the Dead Sea and Great 
Salt Lake, in the brines associated with petroleum deposits, and in 
crystallizing salt solutions of marine salterns. 

Bacteria tend to create reducing conditions or to lower the redox 
potential of marine sediments (see chap. 5). The aerobic bacteria 
thrive at higher redox potentials than do the anaerobic species, which 
require a low potential. Sea water may be slightly oxidizing, but the 
marine sediments are often more reducing than the theoretical hydro- 
gen electrode. Anaerobic bacteria are responsible for the creation of 
these extremely low redox potentials. A low redox potential favors 
the reduction or hydrogenation of organic matter and the preserva- 
tion of the reduced substances, e.g., petroleum hydrocarbons. 

There are bacteria able to attack several inorganic substances and 
almost any kind of organic matter, e.g., proteins, sugars, starches, 
fats, chitin, lignin, cellulose, hemicellulose, waxes, and humic sub- 
stances. Sulfate- and nitrate-reducing bacteria are usually abundant 
in marine sediments. There are bacteria which are heterotrophs, that 
is, they require organic substances as a source of carbon or energy. 
Autotrophic bacteria, on the other hand, obtain energy from the 
oxidation of inorganic substances, e.g., Fe 2+ , Mn 2+ , H 2 S, H 2 , CO, 
CH 4 , and NH£. Most of the bacteria in the marine sediments, called 
facultative aerobes, are active in either the presence or the absence 
of free oxygen. The strict aerobes require free oxygen for their ac- 
tivities. They are less numerous; they can live only in the presence of 
oxygen. 

Nitrates are produced as the final stage of the bacterial breakdown 
of proteins. The true nitrifying bacteria are capable of fixing ap- 
preciable quantities of free nitrogen. Thereby they divert nitrogen 
from the atmosphere to the plants and thence to the animals. The 
nitrate-reducing bacteria reduce nitrates to nitrites. Other bacteria 
are known which oxidize ammonia to nitrites and nitrates. The 
nitrogen-liberating bacteria release free nitrogen from nitrates and 
nitrites. 
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Some species produce carbon monoxide and methane, some of the 
higher homologues of the latter, a number of aromatic hydrocarbons, 
and certain pigmented hydrocarbons, e.g., carotene. Other bacteria 
are able to utilize methane and convert it into bacterial protoplasm. 
The hydrocarbon-oxidizing bacteria produce carbon dioxide and 
bacterial protoplasm along with methane and its homologues and 
other organic substances. Most of the bacteria which oxidize petrole- 
um hydrocarbons and natural gas require the presence of free oxygen 
or that of nitrates or sulfates as a source of oxygen. 

Considerable hydrogen is produced in recent sediments as a result 
of the anaerobic decomposition of organic matter. The reduction of 
carbon dioxide by hydrogen in statu nascendi is believed to be the 
principal way leading to the formation of methane: 

C0 2 + 4H 2 -> CH 4 + £H 2 0 . 

Sulfates are also reduced by the hydrogen: 

CaS0 4 + 4H 2 -> 4H 2 0 + CaS ; 

and some hydrogen may be converted to hydrocarbons or hydrocar- 
bon-like compounds in the hydrogenation of organic matter. 

The sulfate reducers found in large numbers in recent marine sedi- 
ments and oil-field waters produce sulfur or hydrogen sulfide, but the 
latter compound may also be formed in the bacterial decomposition 
of sulfoproteins. Sulfur results, in addition, in the oxidation of hy- 
drogen sulfide by bacteria, usually in the presence of free oxygen or 
in light. 

Carbon dioxide, in general, is the principal product of the activi- 
ties of aerobic bacteria, whereas the anaerobic processes or a low 
redox potential result in the formation of hydrogen, hydrogen sulfide, 
and methane, and only minor quantities of carbon dioxide. 

In recent sediments, bacteria tend to convert organic matter into 
more petroleum-like substances, including certain petroleum hydro- 
carbons. Although there is no experimental evidence indicating that 
they may produce crude oil, it is believed that they may promote the 
process in many ways (see under “Petroleum, 55 p. 351). 

One of the first changes caused by bacterial activity in marine 
sediments is probably the depletion of oxygen, whereby the environ- 
ment becomes anaerobic. The bacteria then continue to function at 
the expense of other hydrogen acceptors, and thus reducing condi- 
tions are created which affect the state of iron, sulfur, manganese, 
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and organic matter, especially of certain nitrogen compounds. Simi- 
larly, where all dissolved oxygen has been consumed, the hydrogen- 
ion concentration increased, the redox potential lowered, and toxic 
substances like hydrogen sulfide produced, the action of bacteria has 
resulted in the creation of environments inimical to other forms of 
life. On the other hand, bacteria also serve as important sources of 
food and as producers of plant nutrients. 

Bacteria are also active in rock decomposition. Their presence in- 
creases the amount of inorganic constituents which are dissolved 
from rocks and their minerals during weathering. They liberate alu- 
minum from hydrous aluminum silicates. Potassium is assimilated by 
bacteria and fungi and is consequently leached from potassium- 
bearing minerals. The origin of many sedimentary iron and man- 
ganese ores is attributed to bacterial activities because the hydrox- 
ides of these metals are known to be precipitated by bacteria. 
Sphalerite is oxidized to zinc sulfate. Zinc carbonate and silicate are 
dissolved by the sulfuric acid formed by bacteria which oxidize hy- 
drogen sulfide and sulfur. Calcium phosphate, like calcium carbon- 
ate, is dissolved in acids produced by the bacterial decomposition of 
organic matter. Bacteria are also known to act in the transformation 
and precipitation of magnesium (as magnesium carbonate) and of 
copper and other heavy metals, particularly with the help of the 
hydrogen sulfide generated. There is conclusive evidence that living 
bacteria may occur and be active in certain sediments and sedimen- 
tary rocks of considerable geological age, as high as Permian. 

ORGANOGENIC SEDIMENTS OR BIOLITHS 

The role of the biosphere in the formation of independent sedi- 
ments is important. The sediments resulting from the geochemical 
activity of the biosphere are called, according to the German natu- 
ralist, Ch. G. Ehrenberg (1795-1876), bioliths. They are best consid- 
ered as a special group of sediments, because their greatest part can- 
not be properly included in the general classification of sediments 
presented in chapter 5. The classification of the bioliths, according 
to Potonie (1908), is given in Figure 8.4. They are divided into the 
incombustible acaustobioliths and the combustible caustobioliths. 
The former group includes organogenic limestones, continental and 
marine phosphate sediments, lacustrine and marine diatomaceous 
sediments, and still others. The latter group consists of carbonaceous 
sediments which contain native carbon or its oxidizable compounds. 
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Some sulfur deposits formed by bacteria are also included. This group 
contains all solid, liquid, and gaseous sediments used as fuel. The 
caustobioliths are consequently of high technical importance. 

In Potonie’s classification the caustobioliths are further divided 
into humites, liptobioliths, and sapropelites. The first two groups are 
predominantly products of land and marsh vegetation, whereas the 
third contains decay products of water organisms, especially plank- 
ton, algae, and small crustaceans. The nature of the sediments 
formed depends on the presence or absence of oxygen, this fact being 
of especial geochemical importance. Potonie (1908) carried out a de- 
tailed division of the processes of chemical decomposition of vege- 
table and animal substances leading to the formation of the causto- 



Fig. 8.4. — Classification of the bioliths 


bioliths. According to this author, the disintegration (Verwesnng) of 
the organisms has more or less the nature of a slow combustion proc- 
ess, provided that an adequate supply of oxygen is present, e.g., in 
oxygen-bearing surface waters of lakes and seas or on the Earth’s 
surface under the direct action of oxygen and water. Under these 
circumstances only volatile oxidation products will be formed: car- 
bon is oxidized to carbon dioxide and hydrogen to water, and sulfur 
yields SO3 and sulfates, whereas nitrogen escapes into the atmosphere 
or forms NO J or NH* ions, which are soluble in water. No residue of 
solid carbon compounds, i.e., no coal, is produced. Only a small part 
of the organic matter, such as resins and waxes which are not easily 
decomposed, remains unchanged and sometimes forms caustobio- 
lithic residual sediments or liptobioliths. If the supply of oxygen is 
inadequate, the decomposition is incomplete and results in the for- 
mation of small amounts of carbon-bearing substances, such as the 
black mold formed in moist forests during fall. This process is called 
moldering (V ermoderang) . With the decrease in the amount of oxy- 
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gen present during the decomposition, the character of the resulting 
sediments will change still more. Peat formation (Vertorfung) is the 
next stage; it is intermediate between moldering and putrefaction. 
There is an oxygen deficiency present at the start of the peat forma- 
tion, and during the later stages of the process this element is com- 
pletely absent. The decomposition takes place in stagnant waters. 
Peat is a typical humite sediment of vegetable origin. In it the origi- 
nal structure of the plant remains is often still partly visible. Humus 
is the final product of peat formation. During all these processes bac- 
teria and fungi participate in the decomposition. 

If no oxygen is present at all, the process of putrefaction (. Fdulnis ) 
will take place. Sapropelites are formed as its final products. They are 
typically lacustrine or marine sediments formed in stagnant waters 
where there is no addition of water charged with oxygen. The putre- 
faction of the remains of plankton, algae, and small crustaceans liv- 
ing in water is of high importance in the formation of sapropelites. 
These organisms contain more proteins, fats, oils, and waxes than 
does land vegetation, and therefore their decomposition products 
differ from the humite sediments. Putrefaction is a kind of slow dis- 
tillation, and during the decomposition in reducing environments, 
which is generally aided by bacterial action, the above-mentioned 
organisms, together with spores and pollen grains which are usually 
present, yield chiefly methane, along with other hydrocarbons, hy- 
drogen sulfide, ammonia, hydrogen, carbon dioxide, and a number of 
organic compounds. Both carbon and nitrogen become enriched dur- 
ing this process and fatty substances as well, if originally present. 
The sapropel or foul mud formed as a result of the decay often con- 
tains notable amounts of sulfides, which have an important effect on 
the minor cycle of many sulfopliile metals. The latter are precipitated 
as sulfides and are thus removed, to a large degree, from the hydro- 
sphere. If the chemical decomposition of organic substances is carried 
still further, petroleum will result as the end-product (see under 
“Petroleum,” p. 351). 

It must be emphasized that humus is formed through the decay of 
land and marsh vegetation, whereas sapropel is a product of putre- 
faction below the surface of water in swamps, stagnant lakes, and 
sheltered places along the seashore. Only these two processes are of 
importance in the formation of coal because large quantities of or- 
ganic substances are preserved only under these conditions. How- 
ever, it might also be possible that the differences between humus 
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and sapropel are not primarily due to their formation by different 
processes but to differences in the degree of decomposition and, above 
all, to a difference in the composition of their mother-substances 
(Stutzer, 1923, 1940). 


Humus 

During the cycle of organic matter in the biosphere the plants and 
animals, upon their death, are attacked by micro-organisms, whereby 
the substances synthesized by the living organisms are decomposed 
and return to the cycle. However, some residues are more or less re- 
sistant to microbial decomposition and accumulate, thus giving rise 
to substances called humus. The main geochemical importance of 
humus lies in the fact that by its formation a part of the elements in- 
dispensable for organic life, especially carbon, nitrogen, phosphorus, 
sulfur, and potassium, are removed from their geochemical cycles. 
Because only limited quantities of carbon, combined nitrogen, and 
phosphorus are available for plants, the formation of humus regu- 
lates the plant life. Humus thereby acts as a reserve and stabilizer of 
organic life. The amount of organic matter conserved in humus is 
very much greater than that bound within all living systems of the 
biosphere. 

Humus is composed of a highly complex mixture of amorphous 
organic substances, which consist partly of residual animal, vege- 
table, and microbial substances, and partly of matter formed during 
the decomposition of the above-mentioned substances by the action 
of micro-organisms. The carbon content of humus usually ranges 
from 55 to 56 per cent. The content of nitrogen is considerable, com- 
monly 3-6 per cent. The presence of nitrogen is one of the most im- 
portant and characteristic chemical properties of humus. The C:N 
ratio in humus is close to 10 : 1 but varies according to the stage of de- 
composition. Some inorganic constituents, containing P, S, Fe, Ca, 
and Mg, form an essential part of humus, which has no definite chem- 
ical composition but changes constantly because of the continuous 
decomposition. A large number of organic compounds are present, 
some of which were already contained in the original plant and ani- 
mal residues, whereas others were formed by the bacterial decom- 
position of the residues, and still others were synthesized by the 
micro-organisms . 

The role of the micro-organisms in the cycle of organic matter in 
Nature is very important. In the formation and transformation of 
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humus, In which these organisms find a natural habitat, they are the 
primary agents. Various groups of micro-organisms produce carbon 
dioxide, ammonia, nitrates, and sulfates during the decomposition of 
organic matter. Consequently, the elements which are most impor- 
tant for the growth of plants, especially carbon and nitrogen, are 
kept in constant circulation. These elements and other plant nutri- 
ents, like phosphorus, calcium, iron, manganese, and still others, are 
stored in humus for considerable periods of time. Humus, by its ef- 
fect on the hydrogen-ion concentration and the oxidation-reduction 
system of the soil and by its capacity to adsorb certain toxic com- 
pounds therein, influences the growth of plants. 

Humus forms a complex colloidal system. It is practically insoluble 
in water but able to form colloidal solutions. In soil it is found to 
combine with the inorganic clay fraction, whereby colloidal com- 
pounds are produced. Because the humus particles are negatively 
charged, they adsorb positive ions of the electrolytes present in solu- 
tion and form humic compounds frequently called “humates.” The 
alkali “humates” are readily soluble, whereas those of calcium and 
magnesium are less soluble or dispersible, and the humic compounds 
of Al 3+ and Fe 3+ are insoluble or nondispersible at the isoelectric 
point. The aluminum and iron compounds, on the other hand, be- 
come readily soluble with changes in pH; they are distinctly am- 
photeric. The phenomena of base adsorption and base exchange in 
humus solutions are explained by the properties just discussed. The 
water and nutrient salts adsorbed by humus are of much importance 
in agriculture because the major microbiological activities take place 
in the colloidal humus system. 

The humus-bearing solutions increase the solubility of detrital 
minerals in soil and rocks, whereby such elements as iron and man- 
ganese are brought into solution in the form of humic complexes. 
Hence humus is of importance in the weathering of rocks. The influ- 
ence of humus on this process is twofold. First, the carbon dioxide lib- 
erated from humus during microbial activity or chemical reactions 
acts as a dissolving agent for the minerals by increasing the hydro- 
gen-ion concentration of water and thereby activating the chemical 
weathering. In the case of calcium and the other alkaline-earth 
metals and probably also of iron and manganese, bicarbonates which 
are readily soluble may also be produced. Second, the humic com- 
plexes, owing to their capacity to exchange and adsorb cations, play 
a role in the rock disintegration. Gruner (1922) has studied the solu- 
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bility of various minerals and rocks in peat solutions. He found that 
solutions from decaying plant remains dissolved all oxide and carbon- 
ate minerals of iron but did not seem to attack pyrite. In the presence 
of sea water or other chloride- and sulfate-bearing waters the dissolv- 
ing action of peat solutions was greatly increased. The presence of 
carbonates in the natural organic solutions was found to impede the 
dissolution of silica. The organic solutions reduced ferric compounds 
to soluble ferrous salts, whereas carbonic acid did not possess this 
property. According to Blanck (1933), the organic complexes of 
humus do not, contrary to previous belief, participate in the chemical 
disintegration as such; the activation is due to sulfuric and nitric acid 
and their salts, formed during the decomposition of humus, because 
the amount of the humic substances formed is too low to be of much 
importance. Sulfuric acid is an abundant constituent of forest humus, 
bog waters, and soils formed during chemical weathering. 

In mineral soils the presence of humus is responsible for conditions 
favoring the growth of plants. It plays an essential part in the soil 
formation, and the soil is affected in many ways by the humus con- 
tent. Humus is an important mother-substance of peat and coal (see 
under “Coal, 55 p. 349) . The mechanism of the formation of humus in 
soil is presented in Figure 8.5, which is based on Waksman (1936). 

Various forms of humus, called water humus, are produced under 
water. They are chemically similar to soil humus, although their car- 
bon and nitrogen content is lower. The bottoms of rivers and lakes 
become covered with a layer of mud, called sapropel, which is rich in 
nitrogen and phosphorus and able to adsorb potassium and calcium. 
The accumulated water humus may be later converted into peat. 

Very considerable amounts of humic substances are brought into 
the sea by rivers and streams (see chap. 6). Still greater quantities 
of organic matter are synthesized by marine organisms, which, upon 
their death, sink to the bottom and are decomposed by micro-organ- 
isms. The importance of marine humus lies in the fact that it is the 
only source of food for benthic animals and bacteria. The presence of 
organic matter and the changes produced by biological activity influ- 
ence the marine sedimentation and also the nature of the sediments. 
Carbon, nitrogen, and probably also other elements are, at least tem- 
porarily, removed from their cycles during the formation and burial 
of marine humus. The marine bottom deposits produced are usually 
classified in two groups: the pelagic deposits, formed in deep water 
and at a great distance from land, and the terrigenous muds, deposit- 
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ed close to land. The first group consists of the radiolarian, diatom, 
globigerina, pteropod, and coccolith oozes and the red clay, and the 
terrigenous deposits include muds of various colors, which contain 
appreciable amounts of organic matter and colloidal hydrous ferrous 
sulfide. So far, little is known of the chemical composition of the or- 
ganic matter in marine sediments. Some analyses are given in 
Table 8.9. 



Fig. 8.5. — The formation of humus in the soil. (Based on material from Humus , by S. A. 
Waksman, 1935. Courtesy of The Williams & Wilkins Company.) 


Ammonia is produced during the decomposition of soil humus, and 
it is gradually converted into nitrates. The bulk of the ammonia 
found in the atmosphere and rain water comes from soil. Other ele- 
ments — carbon in the form of carbon dioxide, phosphorus in phos- 
phates, and sulfur in sulfates — are also liberated during the decom- 
position. These compounds, being present in a form readily available 
for the growth of plants, influence the fertility of the soil and form 
a supply of elements essential for the synthesis of new organic sub- 
stances by plants. Therefore, a large proportion of the carbon needed 
for physiological processes and most of the combined nitrogen and 
other nutrients required for the growth of plants are stored in humus. 
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This substance is also a source of vast quantities of fuel. Consequent- 
ly, the importance of humus in the human economy is obvious. 

Coal 

Sapropel and peat are accumulations from which coal is formed. It 
is now believed that lignin is the chief mother-substance of coal. 
Peat, brown coal, and the different varieties of coal are the most im- 
portant humite sediments. The chemical changes connected with 
their formation are presented in Table 8.7, which is based on F. 
Muck’s analyses as quoted by Stutzer (1923). 

There is no sharp distinction between peat and coal. Carbon, hy- 
drogen, oxygen, and nitrogen participate in the coalification. During 

TABLE 8.7 

Average Chemical Composition of Humite Sediments 


Material 

C 

H 

0 

N 

Per Cent 

Wood fiber 

50 

6 

43 

1 

Peat 

59 

6 

33 

2 

Brown coal 

69 

5 5 

25 

0 8 

Bituminous coal. . . . 

82 

5 

13 

0 8 

Anthracite 

95 

2 5 

2 5 

trace 


this process, which finally results in the formation of anthracite, the 
content of carbon increases, whereas that of hydrogen, nitrogen, and, 
especially, oxygen decreases. The content of hydrogen and oxygen, cal- 
culated on the basis of the carbon value 100, is given in Table 8.8, 
which is based on Stutzer (1923). The changes in the oxygen and 
hydrogen content are due to the formation of carbon dioxide and 
water; carbon monoxide and free oxygen are formed only in subor- 
dinate amounts during the decomposition of organic matter. A part 
of the nitrogen is also released and escapes as free N 2 . Hydrogen is 
partly removed as methane, CH 4 , which forms the bulk of the dan- 
gerous explosive firedamp in coal mines. 

The coals can be divided into two groups according to their origin, 
viz., humic coals and sapropelic coals. The cannel coals and Boghead 
coals (torbanite), representing the latter group, are high in bitumen. 
The cannel coals contain many spores, whereas the Boghead coals are 
of algal origin. Various transitions are present between the sapropelic 
coals and from them to oil shales and humic coals. 
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On the whole, the chemical constitution of coal is very complex, 
and the information concerning it is still scarce. It is now known that 
no free carbon is present in^coal. Plant components or secretions 
which are resistant to decay are important constituents of coal, and 
humic substances also compose a considerable part of many coals. 
The coals are essentially colloidal and consist of solid complex com- 
pounds of carbon, hydrogen, and oxygen. The content of nitrogen is 
small. Other more important constituents include sulfur and phos- 
phorus. Most of the former element has its origin in the sulfur found 
in the original plant material. During the decay of the plant sub- 
stance hydrogen sulfide may be generated, which precipitates iron as 
sulfide. Bacteria may also deposit iron as sulfide, and the reduction 

TABLE 8 8 

Content of Hydrogen and Oxygen in 
Humite Sediments 
(C = 100) 


Material 

c 

H 

O and N 

Wood fiber 

100 

12 

88 

Peat 

100 

10 2 

59 2 

Brown coal 

100 

8 

37 4 

Bituminous coal . . 

100 

6 

16 8 

Anthracite 

100 

2 6 

2 6 


of iron sulfate to sulfide by coal is possible as well. Sulfide sulfur 
(pyrite, marcasite) is the most important form of sulfur in coal. Or- 
ganic sulfur is also commonly present, whereas sulfates (gypsum) and 
native sulfur are rare. Sulfides of lead, copper, zinc, nickel, and other 
metals are incidental constituents of coal. The high phosphorus con- 
tent of cannel coal is largely attributed to the high spore content. 

Silicon, aluminum, and iron are the main constituents of coal 
ashes. Other constituents include Ti, P, Ca, Mg, Na, K, and S. The 
presence of rare elements in coal ashes was discussed in a previous 
paragraph. 

The gases inclosed in coals consist mainly of nitrogen, methane, and 
carbon dioxide. Free hydrogen in small quantities is a probable con- 
stituent. Nitrogen is derived mostly from the air. During weathering, 
the amount of nitrogen and carbon dioxide and of ethane and the 
higher hydrocarbons increases, whereas that of oxygen and methane 
decreases. The analysis of gas from a coal mine is presented in Table 
8 . 12 . 


350 



GEOCHEMISTRY OF THE BIOSPHERE 


A continuous change in the chemical composition of the plant ma- 
terial takes place after its deposition, and peat, brown coal, bitumi- 
nous coal, and anthracite represent different stages of the progress of 
the incoalation or the coal formation ( Inkohlung ). This process be- 
gins when the peat formation is completed, but there is no sharp 
boundary line between the two. The brown coals are’usually found in 
geologically young formations, especially in those of Tertiary and 
Mesozoic age, whereas the coals proper belong mostly to Paleozoic 
formations. However, brown coal is sometimes encountered in Paleo- 
zoic deposits, and coal seams may be found in sediments as young as 
Tertiary. These exceptions to the general rule make evident that the 
difference between brown coal and coal is not due to their differing 
geological age. It is caused, instead, by the conditions existing during 
the incoalation, especially by temperature. Elevated temperatures, 
such as are likely to prevail in orogenic zones and their neighborhood, 
are found materially to accelerate the incoalation, even in the case 
of geologically young formations, whereas humite sediments at lo- 
calities more remote from the metamorphosed areas are often pre- 
served in the form of brown coal. 

Changes in the composition of coal arise also during its weathering, 
i.e., the slow combustion caused by atmospheric oxygen. During 
these changes the content of carbon, hydrogen, sulfur, and phos- 
phorus decreases but that of oxygen and nitrogen increases. A process 
of hydrocarbon enrichment ( Bituminierung ) follows after putrefac- 
tion. Coals rich in bituminous substances are thereby produced. 

Liptobioliths 

The name of liptobioliths refers to their resistance to decomposi- 
tion. Waxes, resins, fats, and oils contained in small quantities in 
many organisms are able to resist chemical decomposition for con- 
siderable periods of time. They become concentrated, consequently, 
and may affect the composition of the caustobioliths. They are re- 
sponsible for the characteristic properties of sapropel and sapropelic 
coals. Even peat may sometimes contain considerable amounts of the 
above-mentioned substances. The liptobioliths include, for example, 
resin and wax coals (pyropissites), pollen and spore coals, the sub- 
fossil copal gum, and the fossil amber or succinite. 

Petroleum 

Petroleum is found on every continent, with the exception of Aus- 
tralia. It is a complex mixture of liquid hydrocarbons in which a num- 
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ber of gaseous and solid Hydrocarbons are dissolved. Their range in 
chemical composition is given by ZoBell (1945) as shown in the ac- 
companying tabulation. 

Per Cent 


c 

H 

S 

N 

0 

Inorganic substances 


82 . 2 - 87.1 
11 . 7 - 14.7 
0 . 1 - 5.5 
0 . 1 - 1 5 
0 . 1 - 4 5 
0 . 1 - 1.2 


The constituents of crude oils are divided, according to Hlauschek 
(1937), into several classes with reference to their chemical proper- 
ties, the most important of which are: 

1. Paraffin hydrocarbons, C n H 2 n+ 2 > aliphatic, saturated chains 

2. Cycloparaffin or polymethylene hydrocarbons (the naphthenes), 
C n H 2 n 5 alicyclic, saturated rings 

3. Benzenoid hydrocarbons, CJH 2n - 6 , aromatic, unsaturated rings 


The following hydrocarbons are usually met only in small amounts 
or in traces: 

4. Olefin hydrocarbons, C n H 2n , aliphatic, unsaturated chains 

5. Diolefin hydrocarbons, C n H 2n - 2 , aliphatic, unsaturated chains 

6. Acetylene hydrocarbons, C n H 2n - 25 aliphatic, unsaturated chains 

Besides the hydrocarbons, the crude oils carry numerous organic 
substances, containing nitrogen, oxygen, phosphorus, and sulfur. 
These constituents are present in small quantities. They include 
fatty acids, phenols, naphthenic acids, resinous compounds, and as- 
phaltenes. Sulfur compounds, like mercaptans, thiophenes, sulfones, 
sulfoxides, sulfonic acids, and organic sulfides are found. The nitrog- 
enous compounds include pyridines and quinolines and still others. 
Hydrogen sulfide, carbon dioxide, and nitrogen are usually encoun- 
tered only as minor constituents in the crudes. The sulfur compounds 
are sparingly volatile and consequently are concentrated particularly 
in the higher fractions and residues of the oil. Free sulfur .associated 
with petroleum deposits is rather uncommon. Hydrogen has never 
been met in crude oil. Radon tends to concentrate in petroleum, but 
the content of radium is very small. Small amounts of optically ac- 
tive substances known to occur only in plants and animals are also 
found in the crudes. With few exceptions, petroleum and the various 
bituminous substances also contain pigments of the porphyrin type, 
formed from the coloring matter of animals (heinochromogen) and 
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the green coloring substance of plants (chlorophyll) . Many metals, 
notably nickel, vanadium, lead, and iron, are also found in petrole- 
um, perhaps in the form of metal-organic porphyrin compounds. The 
content of metals may be appreciable. A Mexican crude oil is report- 
ed to contain 240 g/ton nickel (Krejci-Graf, 1930), and up to nearly 
75 per cent vanadium pentoxide may be present in some oil ashes. 
According to Egloff (1933), the following elements are also found in 
crude oils: Na, Mg, Ca, Al, Si, Ti, U, Mn, Co, Pt, Cu, Ag, Au, Zn, 
Sn. Heide (1938) has found, among others, Ba, Cr, Ga, Be, Cd, As, 
Ge, Li, P, Mo, and the platinum metals in the ashes of some German 
crudes. 

According to Goldschmidt (1937a, 1944), the characteristic assem- 
blage of elements associated with oil and asphalt and also with 
bituminous shales is the following : 

V, Ni, Mo 
(Cu, Ag, W) 

The first three elements are the most effective catalysts for the indus- 
trial synthesis of hydrocarbons. Goldschmidt suggests that valence 
forces might control the association between the above metals and 
natural hydrocarbons. 

Vinogradov (1943) has established the presence of regional varia- 
tions in the vanadium content of certain oil-bearing regions in Rus- 
sia, some of which show an extremely high concentration of this 
metal in the crudes, whereas it is totally absent in other provinces. 
Vinogradov concludes that vanadium was concentrated from marine 
muds into the protopetroleum. Owing to its catalytic activity, vana- 
dium has determined the later character of the Russian crudes, 
which, as a rule, have an asphalt base with a high sulfur content. 

Few, if any, of the petroleum hydrocarbons are unsaturated, and 
they all are optically active. The complex and labile character of the 
crude oils is responsible for the fact that no complete chemical analy- 
sis of them has ever been made. 

The crudes show a varying chemical composition according to the 
substances from which they were formed. Hlauschek (1937) thinks 
that the chemical character of the mother-substance of petroleum 
may have changed continually during geological evolution. He as- 
sumes, in addition, the presence of periodic changes of the circum- 
stances of decomposition which affect the composition of the mother- 
substance. Consequently, it is readily understood that the crude oils 
from different oil fields differ widely in their physical properties and 
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chemical composition. Thus, for instance, the Caucasian oils in Rus- 
sia consist mostly of naphthenes, whereas the Pennsylvanian crudes 
in the United States belong nearly completely to the paraffin series. 
Some crudes from Borneo are rich in benzene and toluene. According 
to Hlauschek (1937), the naphthene oils lie on top of the methane 
oils if the two occur in the same field. Among Paleozoic oils, the 
methane oils preponderate; but in younger crudes the abundance 
ratio grows more even, and, among the late Tertiary oils, the naph- 
thene oils are found to predominate slightly over the methane oils. 

Petroleum is now generally believed to be a product of decompo- 
sition of organic substances present in sapropelic sediments or muds 
in primary marine environments. The mother-substance of petrole- 
um consists evidently of remains of plants and animals, partly of 
marine origin and partly carried to the sea by rivers. The most favor- 
able mother-substances of petroleum are organic compounds defi- 
cient in oxygen. Preserved hydrocarbons, originally found in various 
plants and animals, might also account for some of the petroleum. It 
is estimated that an average of 0.02 per cent of the solid substances 
produced by plants consists of hydrocarbons. The presence of nitro- 
gen, optically active substances, and pigments in petroleum is con- 
sidered an important proof of its organic origin. The porphyrin com- 
pounds found in oil shales and asphalts are considered evidence of the 
presence of vegetable matter in the source sediments. 

It is believed that the organic mother-substance of petroleum was 
deposited in near-shore sediments under essentially anaerobic condi- 
tions. Phytoplankton is the main source of organic matter in sedi- 
ments. The organic substances which accumulate therein consist 
mainly of the resistant waste products resulting from the consump- 
tion of plankton organisms by other organisms. According to Trask 
(1936), the recent marine sediments contain, on an average, 2.5 per 
cent of organic matter by weight. The amount varies in near-shore 
sediments from 1 to 7 per cent. Some Black Sea deposits contain as 
much as 35 per cent organic matter. In ancient sediments from Cam- 
brian to Pliocene the average content of organic matter is 1.5 per 
cent by weight (Trask, 1936) . With reference to the loss in organic 
matter during the burial of the sediments, it may be concluded that 
an original content of at least a few per cent of organic substance in 
sediments is required to cause the formation of oil deposits of eco- 
nomic value. Petroleum is probably not generated until the sedi- 
ments have been buried for some time. 
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Geological evidence shows that petroleum has been formed at low 
temperatures, probably less than 150° C., and that no substantially 
elevated temperatures have been encountered during its further evo- 
lution. It was previously suggested that the transformation of the 
organic material was caused by temperature or pressure metamor- 
phism. However, no residue from a dry distillation has ever been 
found. It is consequently now generally believed that the organic 
matter was decomposed by bacteria, although thus far only methane 
has been proved to result from bacterial action. The presence of 
ethane and propane and traces of higher hydrocarbons in firedamp, 
swamp gas, and sewage gases suggests the biogenic formation of high- 
er hydrocarbons. In addition, Sturm and Orlova (1937) have found 
that a liquid petroleum-like hydrocarbon, balkhashite, is anaerobi- 
cally produced from fats and palmitic acid. However, no traces of 
liquid hydrocarbons have, as yet, been reported to be present in re- 
cent sediments. 

It is known that large populations of biochemically active bacteria 
are distributed in recent marine and lacustrine sediments and in res- 
ervoir fluids from oil wells and that they are able to utilize or trans- 
form nearly all kinds of organic matter. They also attack several in- 
organic substances. The organic matter in the recent sediments con- 
sists of the decomposition products of fats, proteins, and carbohy- 
drates originally present therein. When the organic substances are 
decomposed during the formation of petroleum, the action of bacteria 
evidently takes place along with the work of geological, physical, and 
chemical factors. The information now" available show r s that bacteria 
in recent sediments tend to transform organic matter into substances 
which are more petroleum-like than the mother-substances xrere and 
which consist primarily of carbon and hydrogen. The content of 
oxygen, nitrogen, phosphorus, and sulfur in the organic matter is 
thereby reduced, whereas that of carbon and hydrogen increases, as 
is shown by the analyses in Table 8.9 of the average proximate com- 
position of organic matter in sediments of increasing age, published 
by ZoBell (1943). 

The oil-bearing sediments are usually highly reducing. The low T red- 
ox potentials created by bacteria and allied micro-organisms in cer- 
tain environments favor the hydrogenation of organic matter and 
the preservation of petroleum hydrocarbons. Once created, the re- 
ducing conditions are maintained by certain organic compounds, fer- 
rous iron, reduced manganese, hydrogen sulfide, and other inorganic 
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constituents of sediments. Recent marine sediments, which are more 
reducing than the theoretical hydrogen electrode is, are rather com- 
mon (ZoBell, 19466). In oxidizing environments the organic matter is 
likely to be carbonized or oxidized by micro-organisms to carbon di- 
oxide and water. 

Certain sulfate-reducing bacteria, by producing hydrogen sulfide, 
may create reducing conditions which favor the formation and pres- 
ervation of petroleum hydrocarbons. However, some sulfate reducers 
attack petroleum and modify its composition. Although some oils 
possess bacteriostatic properties, nearly a hundred species of bac- 
teria, yeasts, and molds are able to alter the composition of the 
crudes. They attack preferentially the paraffin hydrocarbons (Zo- 
Bell, 1946c). 

TABLE 8.9 

Average Proximate Composition of Organic Matter in Sediments 


Source of Organic Matter 

C 

H 

0 

N 

P 

Per Cent 

Marine sapropel 

! 

49 

5 

40 

3 4 

0 8 

Recent sediments ... 

58 

7 

34 

2 2 

0 6 

Ancient sediments . . 

73 

9 

14 

0 9 

0 3 

Crude oil 

85 

13 

0.5 

0 4 

0 1 


According to ZoBell (1942), the occurrence of lipolytic bacteria, 
which utilize the glycerol from fats, leaving long-chain fatty acids, 
may offer clues for the interpretation of the genesis of petroleum. 

Conditions inimical to the activity of micro-organisms appear to 
be prerequisite to the accumulation of petroleum hydrocarbons in 
recent sediments (ZoBell, 1946c). However, the accumulation of the 
hydrocarbons may also be prevented by bacteria which destroy and 
oxidize the hydrocarbons, whereby carbon dioxide is always formed 
as the principal product. 

The release of oil from sediments is another important function of 
bacteria in the accumulation of oil in subterranean deposits. The 
bacterial and other enzymes or biocatalysts, even after the death of 
the micro-organisms, must also be considered to be of importance in 
the formation of petroleum. 

Berl (1940) claims that oil, asphalts, natural gas, and bituminous 
coal have been formed mostly from the main constituents of many 
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vegetable substances, viz., carbohydrates and their derivatives. He 
also thinks (Berl, 1941) that sulfur and nitrogen in asphalts and oils 
are partly relics of the proteins found in the original plant material, 
whereas another part of sulfur may come from sulfur-bearing mother- 
rocks. He believes that the role of bacteria is small and that the car- 
bohydrates with an initial content of approximately 50 per cent oxy- 
gen lose this element during complicated intramolecular combustion 
or hydrogenation, leading to the subsequent formation of humic 
acids, protoproducts, asphalt, and, finally, crude oil, which is oxygen- 
free. A part of the necessary hydrogen is thought to be furnished by 
hydrogen sulfide obtained from gypsum and anhydrite, whereby sul- 
fur is formed as a by-product. The asphalts produced during the 
transformation contain about 10-14 per cent oxygen, which may be 
replaced by sulfur without changing the nature of these compounds. 
Heck (1941) has expressed the opinion that the hydrogen present in 
the organic matter of sediments is inadequate to balance hydrogen 
in the formed hydrocarbons and that additional hydrogen is pro- 
duced, e.g., by the reduction of calcium sulfate to sulfide, which re- 
acts with siderite and water, producing pyrite and hydrogen, among 
other substances. 

It is possible that hydrogen sulfide is a by-product of the forma- 
tion of petroleum. The occurrence of sulfate-reducing bacteria in 
marine sediments and associated with petroleum and oil-well waters 
and the presence of FeS in recent and FeS 2 in fossil bituminous rocks 
seem to favor this opinion. 

Another possibility of the formation of additional hydrogen needed 
in the hydrogenation is furnished by certain bacteria which are able 
to produce hydrogen by the anaerobic decomposition of organic 
matter. 

Later important changes in the composition of petroleum may be 
caused by radioactivity. Bell, Goodman, and Whitehead (1940) have 
discussed the cracking of petroleum hydrocarbons by a-rays. The 
radioactivity of the crude oils investigated was found to be quantita- 
tively sufficient to cause appreciable cracking by these rays during 
geological time. These reactions, along with subsequent hydrogena- 
tion, may therefore considerably change the composition of the 
crudes. The sulfur content and the nature of the associated sediments 
may also have had some effect on the composition of the crudes, as 
well as the presence of some metals with catalyzing properties. 

Water is found in connection with most of the petroleum deposits 
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either in the oil-bearing beds or in the neighboring ones. Fresh water 
is uncommon and, if present, is descending surface water. Salt water 
is common and important. These brines are, both geologically and 
genetically, related to the petroleum deposits. They are mainly 
chloride waters, but near the surface sulfide waters may als.o occur, 
formed by the reduction of CaS0 4 . The primary constituents include 
NaCl, H 2 S, KC1 in varying amounts, and small quantities of CaCl 2 
and MgCl 2 . Iodine and bromine are characteristic constituents. The 
amount of sulfates and carbonates is very low. Ammonium salts and 
phosphates are sometimes met. The content of iron is low. Boron is 
reported to be present in some brines. 

It was previously suggested that the brines represent connate 
waters or fossil waters, i.e., primary sea water trapped in the sapro- 
pelic sediments during their deposition. The infiltration of salt water 
from near-by salt deposits was also considered a possible explanation 
of their origin. However, it was suggested by Mrazec ( 1926 ) that the 
iodine found in the brines is of organic origin because sea water is 
practically free of this element. A similar conclusion may be based on 
the sometimes very high potassium content of the brines. Conse- 
quently, Krejci-Graf ( 1930 ) suggested that the high iodine and po- 
tassium content is due to marine organisms and that the brines are 
formed by the same processes which are responsible for the formation 
of petroleum. The biophile character of iodine and bromine and the 
high content of potassium in many marine organisms furnish addi- 
tional proof of this hypothesis. Considerable geological and chemical 
evidence was offered by Krejci-Graf to show that the connate-water 
and the infiltration hypotheses cannot be accepted. Thus, for in- 
stance, the salt concentration of the brines is often very high. The 
evaporates are practically free of iodine, and only in exceptional 
cases may the salt beds contribute to the brines. Krejci-Graf empha- 
sized the fact that plankton organisms are rich in water and may 
often contain more than 90 per cent water. Hence, particularly dur- 
ing the early stages of the formation of petroleum, when the source 
sediments are deposited, a considerable part of the organic matter is 
decomposed to form water and carbon dioxide, and the oxygen origi- 
nally present is used up in these reactions. The water which is formed 
acts as a solvent for the other products of decomposition. Consequent- 
ly, the explanation of the considerable content of potassium, bro- 
mine, and iodine in the brines is that the inorganic constituents of the 
organic matter became separated and dissolved in water. The con- 
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tent of iodine in the brines and their high salinity suggest that en- 
richment procedures have been active during their formation. Ac- 
cording to Krejci-Graf, the brines are the main product of petroleum 
formation, whereas oil occurs only in subordinate amounts. 

The composition of the brines departs decidedly from that of sea 
water. Krejci-Graf (1930) presents an analysis, showing the average 
composition of Rumanian Pliocene (. Mdot ) and Miocene ( Salzforma - 
lion) brines (Table 8.10). 


TABLE 8.10 


Average Chemical Composition of Salts from 
Some Rumanian Brines and from sea Water* 


Constituent 

Brines 

Sea Waterj 

Per Cent 

Na 

32 So 

30.17 

Ca 

6.45 

1 14 

K 

5 67 

1 09 

Mg 

3 99 

3.63 

Fe 

0 189 

max. 0 00006 

Cl 

50.40 

54.23 

Br 

0.474 

0 19 

I 

0 024 

0 00014 


* Partly based on material from Geochemw der ^ Erddllagerstatten 
erldutert an den rumanischen Vorkommen , by Karl Krejci-Graf. 

Copyright 1930 by Wilhelm Knapp, Verlagsbuchhandlung. Used by 
permission. 

f Composition calculated from Table 6.17, assuming a salinity 
of 35 parts per thousand. 

The small content of magnesium and potassium and the high value 
of calcium are explained as possible results of the migration of the 
brines together with petroleum. The comparison of the composition 
of the brines and that of sea water shows that the brines are higher 
in iodine and often also in potassium. In addition, the calcium con- 
tent of the brines is higher than that of magnesium, whereas the case 
is the reverse in sea water. The brines do not carry notable quanti- 
ties of sulfates, which are, on the other hand, always present in sea 
water. The absence of the sulfates in the brines is due to the reduc- 
tion to sulfides caused by bituminous substances. 

Paneth (1938) points out that the brines connected with petroleum 
contain up to 10~ 10 g/'ml radium, whereas the content in surface 
waters and sea water is only approximately 10~ 15 g/ml and in the so- 
called radioactive springs usually not more than 1Q~ 13 g/ml. The high 
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radioactivity of these springs is due to radon. It is very probable that 
the high radium content is closely connected with the low content of 
sulfates in the brines, because RaS0 4 is very sparingly soluble, and 
only water with less than 0.2 per cent sulfate is able to dissolve 
radium salts. The absence of sulfates in the brines has apparently 
enabled them to dissolve radium compounds from the surrounding 
rocks. 

Ozocerite and Asphalt 

Ozocerite and asphalt are often found together with petroleum. 
They are usually thought to represent solid oxidation and polymeri- 
zation products of the crude oil, formed during its weathering. The 
occurrence of ozocerite is connected with that of the paraffin oils; it 
is a mixture of solid hydrocarbons. Asphalt is frequently met as an 
oxidized residue in oil fields. Some asphalts are remarkably rich in 
vanadium and nickel; for instance, an asphalt from Argentina is re- 
ported to contain 38.2 per cent vanadium in its ashes (Krejci-Graf, 
1930), and some asphalts from Trinidad and Switzerland and certain 
North American crude tars are high in nickel. Because the sulfur 
compounds found in petroleum are only slightly volatile, they tend 
to become concentrated in asphalt. 

The asphalts contain oxygen and are, in this respect, similar to tars 
found in oil-bearing rocks in Venezuela, Arabia, and Iraq. According 
to Berl (1940), most of the asphalts and tars are intermediate prod- 
ucts in the formation of petroleum. 

Natural Gas 

The gases occurring in Nature may be divided into three groups: 

1. Inorganic gases 

2. Gases produced by carbonization in the biosphere 

3. Gases connected with petroleum deposits 

The first group contains the gases found in pores and cavities of 
rocks and their minerals, the occluded gases, the volcanic gases, and 
those dissolved in mineral wells and springs — in all, gases connected 
with igneous activity. Gases belonging to this group were discussed 
in chapter 5. The second group includes the marsh gas and the gases 
found in coal mines. The third group incorporates the natural gases 
proper, which are usually defined as pertaining to the most volatile 
of the constituents of petroleum. They fill pores, cavities, fissures, 
and fractures in the petroliferous sediments and sedimentary rocks 
of all geological ages, being concentrated in the uppermost parts of 
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the oil-bearing beds. These compounds occur in the gaseous state 
under the circumstances usually met on the Earth’s surface. Most of 
these gases are of organic origin. 

Commercial supplies of petroligenic natural gas are found within 
structurally closed parts of reservoir rocks, as deep as 3,500 m or 
more. The chief constituents of these gases are highly volatile hydro- 
carbons, viz., methane and its homologues, unsaturated hydrocar- 
bons, and olefins. Varying quantities of other gases appear to be pres- 
ent as normal constituents of petroligenic natural gases: nitrogen, 
oxygen, carbon monoxide and dioxide, hydrogen sulfide, helium, and 
hydrogen. Helium is usually scarce and hydrogen rare. The presence 
of hydrogen is explained by the hypothesis of the cracking of natural 
hydrocarbons by a-rays, whereby hydrogen is generated. Radon 
and argon are also sometimes met in the gases. It is believed that 
nitrogen and argon are remains of air consumed in the oxidation of 
bituminous substances. 

The petroligenic natural gases are divided into hydrocarbon, nitro- 
gen, carbon dioxide, and helium types (Ley, 1935). Many of the rich 
nitrogen gases are rich in helium as well. Some oil-field and natural 
gases are known to be extremely rich in hydrogen sulfide; a gas from 
Texas in the United States is reported to contain as much as 20.50 
per cent H 2 S. Analyses of natural gases rich in helium and nitrogen 
and of those rich in carbon dioxide from American localities are pre- 
sented in Table 8.11, which is based on analyses collected and pub- 
lished by Dobbin (1935). 

The gaseous hydrocarbons found at ordinary temperatures and 
pressures are principally methane, CH 4 , and ethane, C 2 H 6 ; but vary- 
ing quantities of propane, CgH s , and butane, C 4 Hi 0j may also be 
present. If present, the higher members up to heptane, C 7 Hi 6 , and 
still others occur as vapors. 

The content of helium in natural gas may be as high as 16 per cent. 
Rich helium and nitrogen gases occur in Kansas, Ohio, Texas, Colo- 
rado, and Utah in the United States in formations ranging from 
Cambrian to Tertiary. Actually only the gas fields in the United 
States yield gas sufficiently high in helium to warrant its extraction 
on a commercial scale. It is believed that helium in some natural 
gases, at least, is produced by the disintegration of radioactive ele- 
ments present in the relatively close-lying basement rocks. 

Deep wells containing gas rich in carbon dioxide occur mainly in 
western United States and in Mexico. The carbon dioxide probably 
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originated during the metamorphic alteration of the relatively shal- 
low-lying basement rocks, by the oxidation of hydrocarbons brought 
into contact with mineralized waters, by the action of hot magmas 
on limestone, and by eruptive aftereffects (Dobbin, 1935). 

The soil above subterranean petroleum deposits contains hydro- 
carbons, which are slowly escaping from the oil. The use of hydrocar- 

TABLE 8.11 

Analyses of Natural Gases Rich in Helium, 

Nitrogen, and Carbon Dioxide 


Source and Locality 

ch 4 

CaHs 

C0 2 

0 2 

n 2 

He 

Per Cent by Volume 

Model Dome, Las Animas Co., Colo., U.S.A.. . 

0 00 

0 00 

12.19 

0.92 

79.71 

7.18 

Pondera field, Pondera Co., Mont., U.S.A. . . . 

65 60 

31.04 

0 90 

0.07 

2 14 

0 25 

Cliffside field, Potter Co., Tex., U.S.A — 

59 80 

13 70 

0.70 

0.10 

23.90 

1 80 

Foremost field, Alberta, Canada . 

90 90 

0 60 

0 00 

0.00 

8 50 

0 22 

Walden field, Jackson Co., Colo., U.S.A. 

0 52 

3 95 

92.14 

0 09 

3 16 

0.14 

Woodside anticline, Emery Co., Utah, U.S.A. 

0 00 

5.70 

31 70 

0.27 

61.02 

1.31 

McKittrick field, Kern Co., Calif., U.S.A. . . . 

66 20 

1 00 

30 40 

0 00 

2.40 


Buena Vista Hills, Kern Co., Calif., U.S A 

42 20 

37 50 

16 50 

0 00 

3 80 



TABLE 8.12 

Composition of Mine Gases 


Source 

Hydro- 

carbons 

C0 2 

0 2 

n 2 

He 

A 


Per Cent by Volume 

Metal mine, Cripple Creek, Colo., U.S.A 
Coal mine, Anzin, France 

97 92 

18 00 

0 16 

0 30- 

81 00 

1 85 

0.044* 

0 021 f 


* Traces of Ne. t Traces of Kr and Xe. 


bon-oxidizing bacteria or their fossil remains as very sensitive indi- 
cators of traces of hydrocarbons (e.g., ethane) in soil forms the basis 
of the geomicrobiological prospecting for petroleum. Another method 
is based on the detection of characteristic disturbances in the growth 
of plants, caused by the emanation of small amounts of ethylene and 
its homologues found in petroleum (v. Thyssen-Bornemisza, 1943). 

The gases in metal mines contain nitrogen, carbon dioxide, and 
oxygen. Some mine gases are almost pure nitrogen, and the content 
of oxygen may be less than 1 per cent. 
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Gases from many mineral springs are relatively high in nitrogen 
and helium; the content of helium may be more than 10 per cent. 
These gases occur also in the firedamp of coal mines, in gas collected 
from a salt mine near Stassfurt in Germany, and in fumarole gases. 
The gases of hot springs and fumaroles are commonly high in C0 2 . 
In fumaroles, hot springs, and mineral springs the presence of carbon 
dioxide is probably due to volcanic and chemical activity. 

Analyses of two mine gases are given in Table 8.12. They are quot- 
ed from Dobbin (1935) and Rogers (1921), respectively. Analyses of 
gases of volcanic origin were given in chapter 5. 

BIOGEOCHEMISTRY OF THE SEA 

The biosphere and the hydrosphere are closely connected with each 
other because water is essential for all life. It forms 80 per cent or 
more by weight of the protoplasm. The marine biocycle is the most 
important part of the biosphere. 

The activities of the plants in the sea are restricted to the upper 
layers, called the euphotic zone. In near-shore waters the thickness 
of this zone is only some meters, but in the open ocean, where the 
transparency of water is higher, this zone may attain a thickness of 
several hundred meters. Sea water is a plant nutrient containing 
everything essential for the growth of algae. Dissolved phosphate and 
nitrate are, however, the factors limiting the occurrence of plant life 
in the euphotic zone. The quantity of these salts consequently affects 
animal life in the sea as well. The distribution of animals is also gov- 
erned by the salinity of the water. The role of phosphates and ni- 
trates in the cycle of life in the sea is presented in Figure 8.6, accord- 
ing to Harvey (1928). 

Sea water contains a ready supply of carbon dioxide, which may 
fluctuate, within reasonable limits, without a material change in the 
hydrogen-ion concentration. The phytoplankton organisms, which 
form the plant life of the open ocean, absorb carbon dioxide from sea 
water and release oxygen. They also absorb inorganic compounds of 
phosphorus and nitrogen, which are used for the synthesis of organic 
matter. However, the ammonium released by the decomposition of 
the dead organisms is not utilized as such by phytoplankton. It is 
first converted into nitrate. The phytoplankton organisms are, fur- 
ther, able to remove silver, gold, and other heavy metals from sea 
water by adsorption on their surface. 

Plants are the most important consumers of inorganic matter in 

363 



GEOCHEMISTRY 

the sea. They form the supply of food necessary for the existence of 
animal life, viz., zooplankton and marine animals, in the sea. The 
animals, in turn, excrete carbon dioxide, ammonia, phosphates, and 
soluble organic substances. Ions are adsorbed from sea water on their 
surface, and certain species enrich elements, e.g., vanadium, stronti- 
um, copper, and bromine, in their cells. 

The growth and decomposition of marine organisms produce 
changes in the chemical composition of sea water. Practically all sub- 
stances extracted by the organisms return to solution by metabolic 
processes or during their decay. However, a small fraction of organic 



Fig. 8.6. — Phosphates and nitrates in the cycle of life in the sea. (Based on material from 
Biological Chemistry and Physics of Sea Water, by H. W. Harvey, 1928. Courtesy of Cambridge 
University Press.) 

matter is accumulated in marine sediments and is consequently lost 
to the cycle; but some of it is later released by benthic organisms 
participating in chemical processes in the sea. 

The different elements found in sea water are concentrated at dif- 
ferent rates in marine organisms. If their concentration therein is 
compared with that in sea water, concentration factors may be cal- 
culated. The highest factors belong to nitrogen and phosphorus, 
which limit organic activity in the sea; but the concentration of 
carbon, silicon, fluorine, iron, and copper may also be considerably 
affected by biological activity. 

Marine animals are readily permeated by the water molecules and 
the ions in sea water. Actually, the blood and body fluids of many 
species are in osmotic equilibrium with sea water. The lower fresh- 
water animals do not possess this property. Sea water and the body 
fluids of marine invertebrates contain salts in nearly identical propor- 
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tions. This similarity, in a modified form, is present also in fresh- 
water and terrestrial animals. With reference to the major inorganic 
constituents, the body fluids correspond to a somewhat altered sea 
water. The analyses presented in Table 8. IS, which is quoted from 
Sverdrup, Johnson, and Fleming (1942; recalculated from Robertson, 
1939), illustrate this similarity. 

THE ANTHROPOSPHERE 

The Russian geologist, A. P. Pavlov (1854-1929), introduced the 
concept of the anthropogenic era into geology, emphasizing the fact 
that man is becoming a mighty and ever growing geological force, in 
spite of the insignificant mass of mankind on the Earth. Man has 


TABLE 8.13 

Relative Chemical Composition of Body Fluids of 
Some Marine Animals, Adjusted to Na = loo* 


Element 

! 

Sea Water 

l 

Echinus 

esculentus 

Homarus 

vulgaris 

Cl 

ISO 

182 

; 156 

Na 

100 

100 

100 

Mg 

12 1 

12 0 

1 5 

S in SO 4 . . . 

8 4 

8 5 

2 2 

Ca 

3 8 

3 9 

5 0 

K 

3 6 

3 7 

1 

4 7 

' 


"'Based on material from The Oceans, by H. U. Sverdrup, M. W John- 
son, and R. H. Fleming. Copyright 1942 by Prentice-Hall, Inc. Used by per- 
mission. 


thus created a new part of the biosphere, which is chemically highly 
active. This subdivision of the biosphere is called the anthroposphere. 
Vernadsky (1945) introduced the name no-osphere for the same 
purpose. 

Although the geological age of man is around 100,000 years, man 
as a geochemical agent has been active only during the last 10,000 
years. Geochemically, the anthroposphere is of constantly increasing 
interest and importance. Man is causing changes in the geochemical 
cycles of the elements and disturbing their natural balance in the 
uppermost geospheres. Iron, which as a mineral is a curiosity, is now 
being produced at an annual rate in excess of 10 s tons. Some metals, 
like the alkali and alkaline-earth metals, aluminum, and magnesium, 
which never existed in the native state in Nature, are produced in 
constantly increasing quantities. Similarly, the amount of artificial 
inorganic and organic compounds, minerals, and rocks produced in 
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the anthroposphere is continually growing. Elements and their com- 
pounds are extracted from the hydrosphere (sodium chloride, mag- 
nesium, iodine, etc.) and from the atmosphere (nitrogen as a source 
of nitrates and ammonia) which consequently are new, important 
sources of raw materials. Many chemical processes in the biosphere 
are controlled, and directed courses are assigned to them. Man tends 
to increase the area and mass of the biosphere in order to acquire new 
living space and more food. Geochemically very interesting is the 
continual concentration of the noble metals in the anthroposphere. 
In addition, other metals have been transported from the lithosphere 
to the anthroposphere, e.g., radium. The new artificial long-lived 
radioactive elements, neptunium and plutonium, exist predominant- 
ly in the anthroposphere. Their abundance should be definitively the 
best-known among all elements in the Periodic Table. 

The geochemical cycle of carbon, of all elements, is the one which 
is most strongly influenced by the industrial activity taking place in 
the anthroposphere. The role of human activity in modifying the 
cycle of carbon is discussed in chapter 19. 
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COSMOCHEMISTRY AND 
GEOCHEMISTRY 

SCOPE OF COSMOCHEMISTRY 

T HE name cosmochemistry was suggested (Wildt, 19405) to des- 
ignate the branch of science which deals with the constitution 
and evolution of matter under all cosmic conditions with special ref- 
erence to the chemistry of cosmic phenomena. Chemistry is here 
understood in the widest possible sense, as the science of matter in 
all its manifestations. According to this definition, cosmochemistry 
is the natural end-product of geochemistry, expanded and applied to 
the planets, which it covers as planetary chemistry, and then to the 
chemical problems of the Universe. Geochemistry may be considered 
a special branch of planetary chemistry. 

The chemical study of the meteorites referred to in chapter 1 is an 
important connecting link between cosmochemistry and geochemis- 
try. The first contact between astronomy and chemistry was created 
when the cosmic origin of the meteorites was understood and when 
spectrochemical analysis was first applied to stellar problems. 

Early trends in cosmochemical speculation are represented by the 
ideas of Nicholas Cardinal of Cusa (Nikolaus von Kues, 1401-64) 
and Leonardo da Vinci (1452-1519). They believed in the identity of 
terrestrial and cosmic matter. Later, Robert Boyle, Christian Huy- 
gens, and Isaac Newton were convinced of the uniform character of 
matter throughout the Universe. 

It was shown in chapter 2 that, as far as information is available, 
the qualitative composition of matter is identical and its quantitative 
composition tends to be similar in all parts of the Universe, if such 
local differences are left out of consideration as are caused by proc- 
esses already at least partly understood, such as the differentiation 
in the Earth’s lithosphere. 

The study of the chemical composition and chemical evolution of 
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the Earth is one of the cardinal tasks of geochemistry. In this re- 
search the results of modern cosmochemical investigations are help- 
ful, partly because of the role of geochemistry as a chapter in the uni- 
versal planetary chemistry and partly because of the close connec- 
tions existing between nuclear physics and chemistry, on the one 
hand, and astrophysics, on the other. The meteorites, which repre- 
sent a special class of cosmic material because they are directly avail- 
able for research, have given much information of definite impor- 
tance pertinent to the chemical composition and chemical evolution 
of the Earth (see chaps. 1 and 3). Additional information is obtained 
from the study dealing with comets and meteors, the constitution 
and composition of the planets and their atmospheres, the composi- 
tion of the Sun and of other stars, and the composition of interstellar 
matter. Although none of these subjects actually belongs to the do- 
main of geochemistry, short accounts of those not previously dis- 
cussed will be presented in the following pages because they furnish 
important points of comparison for the problem investigated and 
further elucidate the distribution of matter and the abundance of 
elements in the Solar System and in the Universe. 

COMETS AND METEORS 

The nuclei of the comets probably consist of a swarm of solid par- 
ticles of meteoric matter, even though a sizable body within the nu- 
clei never has been observed. The only clues concerning the composi- 
tion of the comets are obtained from their spectra. When they are 
closest to the Sun, they produce a coma consisting of dust and a num- 
ber of gases surrounding the heads or the nuclei. Compared with the 
temperatures of stellar atmospheres, the temperatures of the comet- 
ary atmospheres are very low. 

The elements which compose the cometary gases are the same that 
are abundant elsewhere in the Universe. Carbon is the principal ele- 
ment, followed in importance by hydrogen, nitrogen, and oxygen. 
According to Swings (1943), the following molecules have been identi- 
fied in the spectra of comets: OH, NH, CN, CH, C 2 , CH + , CH 2 , CO + , 
NJ, and probably NH 2 and OH+. The molecules CH, CH 2 , and NH 2 
are concentrated near the nucleus, whereas the range of OH, NH, 
CN, and C 2 is wider and the ionized molecules CH + , CO + , and NJ 
extend into the tail but are also observed in the head, close to the 
nucleus. At small heliocentric distances (within the orbit of Venus) 
the most sensitive lines of sodium appear in addition, both in the 
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head and in the tail, and the spectrum of the great comet 18S2II also 
showed the presence of iron and possibly chromium and nickel. So 
far, CH 2 is the only polyatomic molecule identified in comets. Nothing 
is knowm about the abundance of molecules in the comets. 

When the comets travel far from the Sun, CN causes their princi- 
pal radiation. At smaller distances from the Sun, C 2 and CH in the 
spectra increase in intensity. Within the orbit of Mars, CO and N 2 
appear in the spectrum, chiefly in the radiation coming from the tail. 

The radicals OH, CH, CN, etc., are chemically unstable. Their 
presence in the low-temperature cometary atmospheres is due to the 
low density of these atmospheres, which results in the almost total 
absence of collisions between the molecules and other particles. In 
like manner, CH, CN, and CH + are observed in the interstellar gas, 
which also is of a very low density (see under “Interstellar Matter, 5 ’ 
p. 381). The similarity in constitution between cometary and inter- 
stellar gases is caused by the remarkable constancy of the cosmic 
abundance of the elements and by the characteristic physical proper- 
ties of the molecules (Swfings, 1913). 

The chemically unsaturated radicals are formed by the photodis- 
sociation or photoionization of more complex parent-molecules wdiich 
are chemically stable and occur in the cometarv nuclei as occluded 
gases. The parent-molecules are liberated by the action of solar radi- 
ation. Swings (1943) suggests that a part of the stable molecules must 
be polyatomic compounds of hydrogen, carbon, nitrogen, oxygen, and 
sulfur, and possibly of some other elements. Therefore, e.g., the NH 
molecules must originate in the photodissociation of stable molecules, 
probably ammonia, set free from the solid constituents of the comet. 
It is known that the volume of gases released by meteorites upon 
heating may be as high as sixty times the volume of the heated ma- 
terial. According to Merrill (1926), carbon dioxide, hydrogen, and 
carbon monoxide are the most abundant gaseous constituents of the 
stones, and hydrogen, carbon monoxide, and nitrogen the most abun- 
dant gases occluded in the irons. Methane, sulfur dioxide, and hy- 
drogen sulfide are also met in the meteorites. It is probable that these 
gases are present in the comets and that water vapor and ammonia 
are also found therein. 

The ultimate chemical composition of cometarv matter is still un- 
known, but it is supposed that the comets are genetically related to 
meteorites and resemble them rather closely. 

It is believed that each meteor stream has its origin in a comet. 
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There are two kinds of meteors, viz., the shower meteors and the 
sporadic meteors. The shower meteors contain calcium, and they are 
believed to be stony particles. Calcium is absent in other meteors. 
Along with calcium, the following elements have been detected, by 
spectrocheniical analysis, in the meteors: sodium, magnesium, alu- 
minum, silicon, chromium, manganese, and nickel. 

INTERNAL CONSTITUTION OF THE PLANETS 

The planets are usually divided into the groups of the terrestrial 
and giant (major) planets, which are separated in space by the group 
of the asteroids or the minor planets. The group of the Earth-like 
planets consists of Mercury, Venus, Earth, Moon, and Mars. These 
planets have small masses, not exceeding the mass of the Earth, and 
mean densities higher than the density of the upper lithosphere. They 
are close neighbors of the Sun. Pluto, the outermost planet in the 
Solar System, also belongs to the group of the terrestrial planets by 
its physical properties. The major planets, Jupiter, Saturn, Uranus, 
and Neptune, differ strikingly from the terrestrial planets. Their 
masses are very large, and their average density is only 25-50 per 
cent of that of the upper lithosphere. Their orbits are located in the 
outer regions of the Solar System. 

The current hypothesis of the structure of the Earth’s interior has 
furnished the pattern for the interpretation of the internal structure 
of the other planets. The structure of the terrestrial planets differs 
materially from that of the giant planets. According to Jeffreys 
(1937), Venus, like Earth, has an iron core with a radius of about half 
the planetary radius. In Mars the radius of the iron core is much 
smaller than in the Earth, possibly 42 per cent of the planetary radi- 
us, and Mercury and the Moon have no iron core at all but consist 
entirely of silicates. This is shown by their low density; the density 
values are presented in Table 9.1 according to Wildt (1939a). How- 
ever, Jeffreys thinks that Mercury might possess a very small core, 
with a radius of approximately 30 per cent of the total radius; but 
this conclusion is uncertain because there is little hope that the mass 
of Mercury will ever be accurately known. 

The giant planets are believed to have a very similar internal con- 
stitution. Their masses are far more concentrated toward the center 
than are the masses of the terrestrial planets. Their surface layers 
consist of a very light material. Jeffreys (1924) suggested that Jupiter 
and Saturn have a rocky core with a density of about 3, surrounded 
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by a thick layer of solid ice and carbon dioxide (density about 1), 
which is covered by a deep atmosphere. Wildt (19346, 1938) con- 
structed a three-shell model for the giant planets, which consists of 
a dense core, similar in structure to the terrestrial planets, surround- 
ed by a vast layer of ice, several thousand kilometers in thickness. 
On top of the ice layer there is an envelope of highly compressed solid 
gases, mainly hydrogen, but also helium, neon, nitrogen, and carbon 
dioxide. This model is based on geochemical reasoning because it is 
supposed that the giant planets were formed from solar material 
without any considerable loss of volatile constituents, as the large 
masses of the giant planets and their low rates of loss of the atmos- 
pheric constituents suggest. An excess of the lighter elements, espe- 

TABLE 9.1 

Average Density of the Planets 


Planet 

Mercury . 



Average Density 
(g-cm~ 3 ) 

2 86 

Venus . . 



. . . 4 86 

Earth 



... 5 52 

Moon. . . 



.... 3.33 

Mars 



. . . 3 .84 

Jupiter. 



1 .30 

Saturn . . 



.... 0.69 

Uranus . . . 



1.10 

Neptune . . 



.. . 1.62 


cially hydrogen, is supposed to have been present in the primordial 
atmospheres of the giant planets. Oxidation of the metals and the 
subsequent formation of water vapor were the main chemical proc- 
esses taking place during the early stages of the cooling of these 
bodies. The great excess of hydrogen was responsible for the forma- 
tion of a metallic core: 

Me0 + H 2 ^Me + H 2 0. 

The oxides of iron, in particular, are reduced by hydrogen at high 
temperatures, and therefore iron would mainly collect in the core. On 
the other hand, the oxides of silicon and of the principal metallic con- 
stituents of igneous rocks other than iron are not reduced by hydro- 
gen, and therefore they would form silicates similar to the terrestrial 
silicate minerals (Russell, 1935). Consequently, the early condensates 
formed a metal phase and a silicate phase, which were separated 
under the influence of gravity (Tammann, 1931). They formed the 
core of the giant planets. Their protoatmospheres consisted chiefly 
of hydrogen and water vapor. On further cooling, the water vapor 
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settled on top of the silicate mantle as a layer of ice, and hydrogen 
and other gases followed during the progressive cooling of the planet. 
The condensation of water vapor and hydrogen may have taken 
place directly from the gaseous state without passing through the 
liquid phase, and therefore the giant planets may never have pos- 
sessed a hydrosphere containing the bulk of water, even though a 
shallow layer of water might have been present. The reactions taking 
place in the cooling atmospheres of the giant planets will be discussed 
in the coming paragraph. 

It seems to be possible that the primeval giant planets, perhaps, 
were not rich enough in oxygen to allow the formation of a thick ice 
layer, because oxygen combined preferentially with silicon and the 
metals due to the higher energy of formation of their oxides as com- 


TABLE 9.2 

Density Limits in Two-Shell Models 
of the Giant Planets 


Planet 

Density of Shell 
(g*cm~ 3 ) 

Density of Core 
(g*cm“ 3 ) 

Jupiter 

£0 78 

>2 SO 

Saturn 

^0 425 

£1 48 

Uranus . . 

<0 66 

^2 36 

Neptune 

^0 96 

>3.44 


pared with the energy of formation of water. Therefore, Wildt (1947) 
deduced two-shell models for the giant planets, in which the core has 
a density of the order of the mean density of the Earth, or a little 
higher, owing to the higher pressure inside the giant planets. Theo- 
retical calculations showed that the density of the shell must be very 
low, and therefore the only constituent of the shell may be the per- 
manent gases in a highly compressed state or even solidified. The 
density limits of the two-shell models are presented in Table 9.2 ac- 
cording to Wildt (1947). 

The outer shell occupies more than 80 per cent of the volume of the 
planets. The best observational evidence of the fluidity of the outer 
shell on Jupiter is the movement of the Red Spot which Peek (1940) 
has analyzed. Wildt (19896) suggested that the Red Spot may be a 
solid body floating in an “ocean” of permanent gases. Wasiutynski 
(1946) concluded that the outer layer of Jupiter, down to a depth 
of the order of 10,000 km, is fluid and that a similar outer layer, 
probably still thicker, seems to exist on Saturn. 
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Very little is known of the physical character of the asteroids. The 
variability of the light reflected by some of them has tentatively been 
ascribed to their nonspherical shape. Even the largest asteroids can- 
not retain an atmosphere. Most of the satellites of the giant planets 
appear to be like the Moon in their internal constitution, but some 
of them which have mean densities less than 1 g-cm~ 3 are presuma- 
bly similar to the outer layer of the giant planets. 

The amount of precise information so far available on the chemis- 
try of most of the planets is very small. Therefore, one must conclude 
that the planetary models are still tentative. However, with reference 
to the bulk chemical composition, the giant planets evidently are 
characterized by the high abundance of hydrogen, a conclusion de- 
duced from the existence of vast amounts of methane and ammonia 
in their atmospheres. The presence of ammonia also suggests a con- 
siderable abundance of nitrogen. 

PLANETARY ATMOSPHERES 

In its beginning, the chemical evolution of the cooling planets was 
governed by the laws of thermochemical equilibrium. When the sur- 
faces of the planets had cooled down sufficiently, a number of photo- 
chemical reactions probably took place, very likely gaining in promi- 
nence in the course of time. The energy required by these reactions 
was furnished by the ultraviolet radiation of the Sun. 

All polyatomic molecules in the planetary atmospheres are sensi- 
tive to ultraviolet radiation. Highly susceptible molecules are 0 3 , 
C0 2 , NH 3 , CH 4 , and others. To maintain the observed stationary 
composition of the atmospheres, the photochemical decomposition 
must be followed by secondary chemical reactions by which the prod- 
ucts formed by dissociation are reunited. 

It is generally assumed that the surface temperature of the planets 
was once very high. Under such circumstances, only the planets with 
the highest masses could retain the constituents of their protoatmos- 
pheres. The small planets lost their entire atmospheres into inter- 
planetary space. The terrestrial planets with the greater masses lost 
their light material and were able to retain only very small quanti- 
ties of the gases which are now found among the constituents of their 
atmospheres. This is the cause of their present deficiency in hydrogen 
and its compounds with carbon and nitrogen. In like manner, helium 
has been lost from their atmospheres, along wuth other light gases, 
such as neon. Nitrogen was lost because it was dissociated into atoms 
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(Wildt, 19346). Oxygen was retained in combination with other ele- 
ments; free oxygen would escape. 

The present atmospheres of such terrestrial planets as have been 
and still are massive enough to retain them consist almost exclusive- 
ly of elements not lighter than oxygen. It seems to be probable that 
their atmospheres are of secondary origin, being produced by com- 
pounds dissolved in the silicate melts of their lithospheres. During 
the formation of a solid crust, these gases escaped, and additional 
amounts of them were produced during the weathering of the crust 
of some of the terrestrial planets and by volcanic activity. 

Also the giant planets may have lost a large part of the lighter 
gases in their original gaseous envelopes, but they were able to retain 
large quantities of their primordial atmospheric constituents. Their 
atmospheres evidently are devoid of oxygen and its compounds but 
contain hydrogen and its compounds. The prevalence of hydrogen in 
their atmospheres may be understood as the result of an enormous 
supply of hydrogen. Helium may also be abundant. 

The discussion presented above shows that there is a correlation 
between the mass of the planets and the mass and composition of 
their atmospheres. Those of the terrestrial planets contain oxides, 
whereas hydrides abound in the atmospheres of the giant planets. 

No free halogen molecules exist as permanent constituents of plan- 
etary atmospheres because the halogens are chemically highly active. 
Molecular hydrogen and nitrogen are well shielded against decom- 
position by the presence of polyatomic molecules, which absorb the 
ultraviolet radiation. 

The Terrestrial Planets 

Mercury probably does not possess any atmosphere, a fact due 
partly to its small mass and partly to its high surface temperature. 
There is some evidence that Mercury has not yet entirely lost its at- 
mosphere (Phillips, 1936), but any possible atmosphere must be very 
thin. 

The atmosphere of Venus is deep and probably extends for several 
kilometers above the visible surface of clouds surrounding the planet. 
It is probable that the atmosphere consists almost exclusively of car- 
bon dioxide, which was identified therein by Adams and Dunham 
(Adams, 1932). There are hundreds of times more carbon dioxide in 
the atmosphere of Venus than in that of the Earth. No evidence for 
the presence of water vapor or oxygen has been found in the atmos- 
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phere of Venus above the cloud layer. Wildt (1942a) suggests that 
less water was originally available on Venus than on the Earth. Prac- 
tically all water on Venus may have been bound in hydrated miner- 
als, and a hydrosphere never existed. However, the presence of traces 
of water vapor cannot be ruled out at present. St. John and Nichol- 
son (1922) calculated that the amounts of oxygen and water vapor 
must be less than 1 m-atm and less than 1 mm -atm, respectively. In 
other words, the amount of oxygen is less than one-thousandth and 
the amount of water vapor less than one-tenth of the correspond- 
ing quantities of these gases in the terrestrial atmosphere. Independ- 
ent spectroscopic evidence of the scarcity of oxygen on Venus was 
presented by Wildt (1940a), according to whom the lack of oxygen 
in the atmosphere of Venus indicates that its protoatmosphere must 
have been extremely poor in water vapor, if Tammann’s (19245) the- 
ory of the origin of terrestrial oxygen is accepted (see chap. 27). In 
the present atmosphere the partial pressure of water vapor must be 
far below that required for saturation and condensation. 

Because oxygen is practically absent, the main photochemical re- 
action believed to take place in the atmosphere of Venus is (Wildt, 
1937) : 

CO 2 d - hv — > CO -f- 0 . 

The most important secondary reaction would be the partial recom- 
bination: 

O -j- 0 — > Qo , 

which would be followed by the rapid photochemical dissociation of 
the oxygen molecules. Finally, carbon monoxide would be reoxidized 
to dioxide. Wildt further suggested that the oxygen originally present 
in the atmosphere or formed by thermal dissociation therein was con- 
sumed in the oxidation of silicates, leaving a tenuous atmosphere of 
water vapor. Because a protective oxygen or ozone screen is absent 
in the atmosphere of Venus, it might be possible that some formalde- 
hyde is produced in the reaction : 

HoO + C0 2 + hv-* H-CHO + 0 2 . 

However, no evidence for the presence of formaldehyde has been 
found in the ultraviolet spectrum of Venus, and therefore the clouds 
surrounding the planet cannot be composed of solid polyoxymethyl- 
ene hydrates (Wildt, 1942a) ; their nature still is unknown. 

The chemical composition of the Earth’s atmosphere was discussed 
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in chapter 7. It is calculated to amount to 8,000 m-atm. The atmos- 
phere of the Earth, like that of Venus, is predominantly turbid. 

The ozone equilibrium in the terrestrial atmosphere was explained 
by Wulf and Deming (1936). The oxygen molecules are decomposed 
photochemically and may yield both unexcited and excited atoms, 
depending on the wave length of the radiation. At great altitudes the 
following reactions take place: 

0 2 + hv 20 ; 

20 — > 02 . 

At lower altitudes the reactions are: 

O T O2 — * O3 ; 

03 hv — > 02 ~h 0 > 

03 0 — * ^02 • 

The condition necessary for the formation of ozone is the presence of 
notable amounts of free oxygen in the atmosphere. Wulf and Deming 
(1936) consider that ozone is maintained in a photochemical steady 
state by solar radiation, which is absorbed by oxygen and ozone. 
They think that the three last-mentioned reactions essentially govern 
the ozone in the atmosphere. 

The Moon must be regarded as a twin planet rather than as a satel- 
lite. According to V. G. Fessenkoff (see Struve, 1944; Herzberg, 
1946), the mass of a vertical column of unit cross-section in the lunar 
atmosphere is less than a millionth of the corresponding mass in the 
Earth’s atmosphere. Herzberg (1946) assumes that the composition 
of the Moon’s atmosphere is similar to the atmosphere of the head 
of a comet, owing to the accretion of meteorites on the lunar surface. 

The escape velocity on Mars is high enough to retain water vapor 
and all heavier gases but not hydrogen and the other light gases. 
However, very much less water vapor must be present in the Martian 
atmosphere than in the Earth’s atmosphere, even though evanescent 
white cloud formations and areas partially concealed by haze have 
been observed. Hess (1948) found, from meteorological considera- 
tions, that a total water-vapor content of about 0.5 mm in the Mar- 
tian atmosphere is sufficient to aecount for the presence of the clouds. 
The height of the clouds, according to Adel and Slipher (1934c), is 
more than £0 km, but the pressure on the surface of Mars probably 
is only a small fraction of the pressure on the Earth’s surface, and 
therefore the atmosphere of Mars is rarer than the atmosphere of the 
Earth. According to Hess, the mass of the Martian atmosphere is 
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some 20 per cent of the mass of the terrestrial atmosphere. The Mar- 
tian atmosphere is estimated to be about 100 km deep. 

Kuiper (1947) found that the Martian atmosphere contains slight- 
ly more carbon dioxide than does the atmosphere of the Earth. The 
content of methane, ammonia, and nitrous oxide is zero or negligible. 
The bulk of the Martian atmosphere may consist of nitrogen. The 
Martian polar caps very probably consist of a thin layer of frozen 
water, because the temperature is too high to permit the presence of 
solid carbon dioxide. 

The existence of oxygen in the atmosphere of Mars is still un- 
proved. Adams and Dunham (1934) estimated that the amount of 
oxygen, in any case, must be less than 0.1 per cent of the amount of 
oxygen in the terrestrial atmosphere. However, it is possible that the 
atmosphere of Mars once contained free oxygen or ozone, which was 
consumed in the oxidation of iron; hence the red color of vast areas 
of the surface of the planet. Consequently, almost all the Martian 
oxygen is now fossil oxygen (see chap. 27). With the exception of the 
Earth, no other planet is known to contain oxygen or ozone in 
amounts detectable by the spectrograph. If the oxygen content is 
very low, approximately 5 g-cm~ 2 , the ozone layer is formed close 
to the surface of the planet, being able to attack the crust chemically. 
Wildt (1934a) believes that this actually happened on Mars during 
an earlier stage in its evolution. The great scarcity of oxygen agrees 
well with the scarcity of water on the planet. According to Wildt 
(19426), the loss of water vapor from the atmosphere of Mars has 
been appreciable during the whole period of solidification of its sili- 
cate crust. 

Comparative data dealing with the composition of the atmos- 
pheres of Venus, Earth, and Mars are presented in Table 9.3, which 
is quoted from Wildt (1942). Fossil oxygen and carbon dioxide and 
water vapor bound in the sediments are also considered among the 
data pertaining to the Earth. 

Pluto probably has no atmosphere at all, because it is only slightly 
larger than Mercury and because its surface temperature lies near 
absolute zero. However, the presence of a very thin methane atmos- 
phere is not wholly excluded (Kuiper, 1944). 

The Giant Planets 

In contrast with the terrestrial planets, the giant planets with low 
surface temperatures have very deep atmospheres. The compressi- 
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bility and viscosity of their atmospheres approach that of common 
liquids (Wildt, 1938), and at lower levels their atmospheres probably 
would resemble the terrestrial hydrosphere rather than an atmos- 
phere. 

Because of their large masses, the giant planets have been able to 
retain most, if not all, of the original constituents of their atmos- 
pheres, including, also, much of the hydrogen and helium originally 
present. In their present composition their atmospheres are charac- 
terized by the abundance of hydrogen compounds. Their protoat- 
mospheres probably consisted of hydrogen, helium, nitrogen, carbon 
dioxide, and small amounts of other inert gases, and some compounds 

TABLE 9.3 

Partial Chemical Composition of the Atmospheres 
of Venus, Earth, and Mars 


Constituent 

Venus 

Earth, 

Sum Total 

Earth, 

Present 

Atmosphere 

Mars 

g* cm -2 

Oxygen ....... . 

<2 

490-780 

230 

<2 

Carbon dioxide . . 

40-80 

7,300-9,700 

0 4 

<20 

Water vapor . 

<0.1 

289,000 

variable 

<0 05 


of the halogens and of sulfur. According to Russell (1935), carbon di- 
oxide reacted with hydrogen to produce methane and water vapor: 

C0 2 + 4H 2 CH 4 + 2H 2 0 . 


At temperatures below 300° C., practically all carbon dioxide was 
converted into methane. Nitrogen reacted with hydrogen to produce 
ammonia at low temperatures and pressures: 

N 2 + 3H 2 2NH 3 . 

The oxides of nitrogen are endothermic and therefore would tend to 
dissociate rather than form. 

At a temperature of approximately 1,000° C. the atmosphere of a 
giant planet would consist mainly of hydrogen, water vapor, nitro- 
gen, and carbon dioxide. Any carbon monoxide originally present 
would have been completely oxidized to dioxide. When the tempera- 
ture falls, carbon dioxide is converted into methane before water 
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vapor reaches its critical temperature and begins to condense. When 
most of the water vapor has been precipitated, nitrogen is converted 
into ammonia. The oxides of iron act as catalysts, at least in the for- 
mation of methane, and electrical discharges in the atmosphere ac- 
tivate the formation of ammonia. 

When the temperature has fallen to the present terrestrial level, 
there exists an extensive atmosphere consisting of hydrogen, meth- 
ane, ammonia, water vapor, and inert gases, but of only little or no 
nitrogen and carbon dioxide. The hydrosphere contains ammonia and 
dissolved sulfur and halogen compounds. Upon further cooling, water 
vapor will freeze out, and the monohydrate NH 3 -H 2 0 will probably 
form in the hydrosphere. Upon the freezing of the hydrosphere, 
which probably contained only little dissolved salts, ammonia will 
evaporate into the atmosphere, according to Tammann and Rocha 
(1932). Therefore, the bulk of the ammonia and all the methane still 
remain in the atmosphere. 

Methane and ammonia, as a matter of fact, are the only gases so 
far identified in the atmospheres of the giant planets. There probably 
is no water vapor, ozone, carbon oxides, and hydrogen sulfide in the 
visible layer of their atmospheres because these gases actually have 
been frozen out. The presence of methane, the major constituent, was 
established by Wildt (1932a, 6) and by Adel and Slipher (19346). The 
presence of ammonia in the atmospheres of Jupiter and Saturn was 
demonstrated by Wildt (1932a) and definitely proved by Dunham 
(1933). It seems to be necessary to assume that the atmospheres also 
contain a large excess of molecular hydrogen and a certain amount 
of molecular nitrogen. The presence of these molecules is difficult to 
establish by spectrochemical analysis, though not impossible (Herz- 
berg, 1938). Moreover, the formation of methane during the cooling 
of the primeval atmosphere rich in hydrogen and the oxides of carbon 
implies, according to Russell (1935), the simultaneous synthesis of 
higher hydrocarbons; but the fact that none of these is now present 
affords indirect proof of the existence of much hydrogen in the atmos- 
pheres of the giant planets. The higher hydrocarbons are likely to be 
decomposed photochemicallv and because of the action of free hydro- 
gen. The painstaking studies of Adel and Slipher (19436, c ) failed to 
establish the presence of appreciable quantities of ethane, ethylene, 
and acetylene, the only hydrocarbons which need to be considered 
because they have boiling points low enough to allow them to be 
present as atmospheric constituents of the very cold giant planets. 
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However, Adel and Slipher believe that these hydrocarbons and 
many others exist below the atmospheres of the major planets. Adel 
and Slipher (1934a) also find a reasonable explanation of the promi- 
nence of methane in the fact that, at the extremely low temperatures 
in question, the vapor pressure of methane is very much in excess of 
the vapor pressure of any other hydrocarbon likely to exist in the 
atmosphere. Because methane and ammonia are compounds satu- 
rated with hydrogen and because they are very stable, the conclusion 
follows that collision reactions may have continued in the atmos- 
pheres of the giant planets over long periods of time, finally leading 
to the formation of atmospheric constituents of maximum stability 
with reference to the physical conditions which prevail in the atmos- 
pheres of these planets. 

Wildt (1937) has given a photochemical explanation of why the 
number of the atmospheric constituents of the giant planets is so 
small. The reason is that all polyatomic molecules observed in the 
spectra of these planets are readily decomposed by the ultraviolet 
radiation of the Sun. With reference to methane, the fundamental 
reactions would be: 

CH 4 + kv CH 3 + H ; 

CH 3 + H 2 ^±CH 4 + H. 

Therefore, a large supply of hydrogen would be required for this re- 
action, and, according to the theory, this supply actually is available. 
However, to Bobrovnikoff (1944) the postulated abundance of hy- 
drogen appears questionable in view of the existence of Titan’s at- 
mosphere. Titan is able to retain methane but not free hydrogen. 

According to Wildt (1937), ammonia also should decompose photo- 
chemically in the atmospheres of Jupiter and Saturn: 

NH 3 + hv NH 2 + H , 

but secondary reactions reproduce ammonia at a considerable rate. 
Other photochemical reactions possible in planetary atmospheres 
should remove carbon monoxide, carbon dioxide, and hydrogen sul- 
fide from the atmospheres of Jupiter and Saturn. 

The atmosphere of Jupiter is very deep, but its depth is negligible 
compared with the radius of the planet. According to Adel and 
Slipher (1935), the amount of methane in the absorbing layer is about 
800 m-atm, which corresponds to a total of 8-10 16 tons of methane 
in the whole absorbing layer of Jupiter. The bulk of ammonia is fro- 
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zen. Dunham (1939a) estimates the amount of ammonia above the 
reflecting layer in the atmosphere as about 10 m-atm. 

The composition of the Saturnian atmosphere corresponds to that 
of the Jovian atmosphere. However, the surface temperature of Sat- 
urn is lower, and consequently there is more methane and less am- 
monia present in the Saturnian atmosphere, because more ammonia 
is frozen out. According to Adel and Slipher (1935), the quantity of 
methane in the absorbing layer of the Saturnian atmosphere is great- 
er than 800 m-atm, and therefore the total in the absorbing layer will 
be about 6*10 16 tons. 

Titan, Saturn’s largest satellite, has an atmosphere of a composi- 
tion similar to Saturn’s (Kuiper, 1944). However, its optical thick- 
ness is somewhat less. No other satellite has been found to possess an 
atmosphere. 

Methane is the only atmospheric constituent of Uranus. Adel and 
Slipher (1935) estimate its amount in the absorbing layer of the at- 
mosphere of Uranus as 6,400 m-atm, corresponding to a total of 
more than 8 -10 16 tons. The methane bands are stronger in the spec- 
tra of the outer planets, probably because ammonia has been frozen 
out and thus one sees deeper. Ammonia bands are absent in the spec- 
trum of Uranus. 

The atmosphere of Neptune is known to contain only methane, 
and the absence of ammonia bands in the spectrum of this planet 
shows that ammonia has been completely frozen out. At the very low 
surface temperature of Neptune, methane must be on the verge of 
condensation. The amount of methane in the absorbing layer is 
40,200 m-atm, corresponding to a mass of 60 -X0 16 tons in the whole 
absorbing layer of the atmosphere (Adel and Slipher, 1935). 

INTERSTELLAR MATTER 

Solid inorganic matter is distributed throughout the whole Uni- 
verse. Interstellar space contains at least three forms of obscuring 
solid matter, viz., interstellar smoke, cold bodies, and dark stars. The 
dark stars are believed to be small stars which give off little or no 
visible radiation. The cold bodies are small masses which may reach 
several tons in weight. The interstellar smoke often forms extensive 
cosmic clouds. 

Interstellar space also contains interstellar or cosmic gas, ’which 
consists of molecules, free atoms, and electrons. It is held probable 
that interstellar solid particles (smoke) are formed by condensation 
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from the Interstellar gas, starting with the formation of CH + mole- 
cules from O and H and CH from C and H and followed by the cap- 
ture of a second H atom and by that of other atoms (ter Haar, 1943, 
1944; Kramers and ter Haar, 1946). The smoke formation is conse- 
quently an agglomeration of atoms, and the formation of diatomic 
and probably triatomic molecules is the first step of this coagulation. 
The particles are destroyed by dissociation and by mutual collision. 
Consequently, an equilibrium between the gas and the solid particles 
is reached. 

The average density of stellar matter, spread over the entire vol- 
ume of the Galaxy is only about 10~ 28 g*cm -3 . The upper limit of 
the density of all interstellar matter, established from dynamical con- 
siderations, is 3 -10~ 24 g*cm~ 3 (the Oort limit). The mean density 
of cosmic smoke is approximately 10~ 26 g*cm~ 3 . Although the inter- 
stellar gas contains only a few thousand molecules in a cubic meter, 
the dimensions of the Galaxy are so vast that the mass of the inter- 
stellar gas is not negligible. The mass of the interstellar gas and the 
smoke particles therein are of the same order of magnitude as the 
mass of the stars. According to Adams (1941), the volume of inter- 
stellar smoke and gas may be several times as high as the volume of 
all visible matter so far discovered in space. 

The following neutral and ionized elements so far have been de- 
tected, by their absorption spectra, in the interstellar space: Na, Ca, 
K, Fe, Ti + , and Ca + . The following diatomic molecules are pi'esent: 
CN, CH, CH + , and perhaps NaH. Emission lines of hydrogen, nitro- 
gen, and oxygen have also been observed in the spectra of certain in- 
terstellar regions where the density of gas is comparatively high. The 
shielding effect of the Lyman continuum of atomic hydrogen largely 
prevents the ionization of nitrogen and oxygen. Moreover, the ioni- 
zation of hydrogen may prevent the formation of the CH, NH, and 
OH molecules, which consequently may be more numerous in the un- 
ionized regions of the space. Hydrogen presumably is the main source 
of interstellar electrons, but at any considerable distance from the 
high-temperature stars and from clusters of such stars the electrons 
must come from carbon, sulfur, chlorine, and the metals. It is likely 
that in the regions of un-ionized hydrogen most of the free electrons 
are furnished by carbon (Stromgren, 1939). 

Only a very rough orientation of the abundance of the elements 
in interstellar space is possible. It is known that hydrogen is by far 
the most abundant element therein. Swings and Rosenfeld (1937) 
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found that numerous diatomic molecules made up of cosmically 
abundant atoms, such as H 2 , OH, CH, NH, 0 2 , CO, CN, etc., should 
not be much less abundant than Na or Ca + atoms in interstellar 
space. They estimated that there are between 1 and 1G“ 3 atoms of 
hydrogen, carbon, nitrogen, and oxygen, and less than 1Q~ 14 mole- 
cules of carbon dioxide per cubic centimeter in interstellar space. The 
abundance of a number of cosmic particles is presented in Table 9.4. 
The values for the concentration of the cyanogen and hydrocarbon 
molecules are the averages found by Dunham (1941) between seven 
early B-type stars and the Solar System. The values showing the 

TABLE 9 .4 

Abundance of Cosmic Particles 
in Interstellar Gas 


Particle 

Dunham 

Struve 

No of Particles per Cubic Meter 
of Interstellar Gas 

Electron 

11,000,000 


H 

<1,000,000 

2,000,000 

0 

1,000 

Na 

107 

0 8 

K 

10 


Ca 

4 8 

0.12 

Ti 

<0 05 


CH 

0 4-3 4 


CN 

<0.3-1 8 



abundance of some atoms are those given by Dunham (19396) for the 
interstellar space between the Earth and the star x 2 Orionis and by 
Struve (1941). Dunham’s and Struve’s values are, in addition, com- 
pared with the abundance values for the Sun’s atmosphere and for 
the gaseous nebula NGC 7027, which has been analyzed by Bowen 
and Wyse (1939; see chap. 2). All these abundance values are pre- 
sented in Table 9.5, which is quoted from Struve (1941). 

A comparison of Dunham’s and Struve’s values shows that there 
are real differences in abundance between the different parts of inter- 
stellar space. According to Spitzer (1948), the density of neutral 
sodium in the opaque interstellar clouds is about 5-10~ s atoms per 
cubic centimeter if averaged over the space in and between the 
clouds; but inside the clouds the density probably is about ten times 
as high, and in the less opaque clouds the density of the neutral sodi- 
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um is approximately 2-10~ 9 atoms per cubic centimeter. In like 
manner Strom gren (1948) found that the maximum number of hy- 
drogen particles per cubic centimeter in interstellar gas between cos- 
mic clouds is 0.1, whereas in the interstellar clouds the corresponding 


TABLE 9.5 

Comparison of Cosmic Abundance of Some Elements 


Particle 

Inter- 

STELLAR 

Gas 

(Struve) 

Inter- 

stellar 

Gas 

(Dunham) 

Sun 

Nerula 
NGC 7027 

Logarithm of Number of Particles 
per Cubic Centimeter 

Electron 

0 2 

1 



H 

0.2 

1 

0 

0 

0 

-3 


-1 5 

— 2 

Na 

-6 

— 4 

-3 3 

-4 

K 


-5 

-3 7 

-5 

Ca 

-7 

-5 

-3 8 

-4 

Ti 


-7 

-5 3 

— 4 


average number is 10. Sodium is also rather strongly concentrated in 
the clouds, in which its most probable average density is about 
4 *10" 5 . The upper limit of its density between the clouds is 1.5 *10“ 7 . 

The values presented in Table 9.5 show that the composition of the 
interstellar gas is roughly similar to the composition of the Sun and 
of the gaseous nebula. It is very probable that the Sun and the other 
main sequence stars also have the same relative composition as the 
interstellar matter with reference to the other elements. 
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OUTLINE OF THE GEOCHEMICAL 
EVOLUTION OF THE EARTH 

INTRODUCTORY REMARKS 

ALL geochemical hypotheses dealing with the chemical composi- 
tion of the Earth share the property of being merely guesses 
and approximations. Although a concentric structure of the Earth is 
in accord with known geophysical data, it is impossible to decide 
which among the suggested Earth models meets the few known facts 
in the most satisfactory way. Traditional geochemical speculation 
deals with the formation of the Earth very much according to the 
experiences gained from the processes taking place in ore-smelting 
furnaces. The formation of a metal core, a sulfide and a silicate phase, 
and a gaseous envelope is postulated. On the other hand, the new 
hypothesis presented by Kuhn and Rittmann (1941) deals with an 
interior of the Earth w T hich, they claim, consists of compressed solar 
material rich in hydrogen and helium and is surrounded by a layer 
very rich in iron and the heavy atoms. A silicate crust encircles the 
whole. 

The two models will be considered in the following discussion. It 
must be noticed that the geochemical evolution of the Earth did not 
stop with the formation of a solid crust of the Earth, the hydro- 
sphere, and the atmosphere. Actually, the evolution has continued 
throughout the geological history of the Earth, and new stages were 
added, e.g., the evolution of the biosphere. The Earth is changeable 
chemically, and its geochemical evolution still continues today. 

PREGEOLOGICAL EVOLUTION OF THE EARTH 
The origin of the Solar System and the ultimate formation of the 
material which today forms the planets do not lie within the do- 
main of geology. These stages and the primordial evolution of the 
Earth belong to the field of astronomy and astrophysics, and they 
are usually referred to the astronomical period in the Earth’s evolu- 
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Lion, which preceded geological time. The zero period of geological 
time may be chosen as the time when a stable crust of the Earth had 
formed and the geological processes first started on the crust. 

Xo rational explanation of the origin of the Solar System has, so 
far, been presented. The physical properties and chemical composi- 
tion of the smaller bodies in the Solar System suggest that they were 
removed from a very hot source and that they cooled rapidly. The 
postulate of the speculation dealing with the geochemical evolution 
of the Earth is that the primitive Earth was a gaseous body, homo- 
geneous throughout, and that it consisted of solar matter which pre- 
sumably was rich in hydrogen, helium, and other light elements. The 
present knowledge on the chemical composition of matter in the Sun 
makes this assumption plausible, and Wildt (1947) concludes that 
the composition of the original planetary matrix must have agreed 
closely with the composition of the Sun’s interior in order to provide 
sufficient mass for the planet. 

The Earth’s present atmosphere is very poor in the atmophile ele- 
ments if compared with the Sun’s atmosphere. This circumstance 
strongly suggests, as has been pointed out by Russell (1935), that the 
Earth was very hot for a short time during its independent existence. 
The chemical composition of the atmospheres of the other planets 
affords additional proof of the validity of this view. 

Thermal dissipation in the beginning of the evolution of the Earth 
preferentially caused the loss of the lighter atoms. This process has 
caused a rapid change in the composition of the original material. 
The earliest astronomical history of the cooling Earth is terminated 
by the onset of condensation. According to ter Haar (1948), the 
Earth, like the other planets, was originally surrounded by an exten- 
sive gaseous layer. Three processes took place during the condensa- 
tion, viz., the formation of condensation nuclei, the growth of the 
nuclei, and gravitational capture which proceeded at a more rapid 
rate than did the first two processes. The formation and growth of the 
nuclei is analogous to the formation of droplets in a supersaturated 
vapor. Precipitation of supersaturated bodies continued until the 
bodies grew so large that gravitational effects became important. 
This caused capture of gas molecules until none was left, but the 
capture was important only in the case of the giant planets, which 
have large masses. 

The start of the condensation marks the beginning of the first 
stage of the geochemical differentiation of the Earth (Goldschmidt, 
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1996, 1999, 1933 6), whereby the original gaseous mass differentiates 
into a gaseous phase and a liquid phase, which is thereafter decom- 
posed into several melts only partially miscible with one another. The 
liquid phase forms a core which consists of compounds with high 
boiling point. The gaseous phase is the Earth’s first atmosphere or 
the protoatmosphere. It contains chemically inert and readily vola- 
tile elements and other elements in the form of volatile compounds 
of high chemical stability. 

The scientists who believe in the existence of an iron-nickel core 
of the Earth are unanimous in their opinion that the conditions were 
such that iron must have condensed into a liquid and that the iron 
drops fell toward the center of the Earth (Mercier, 1938; Daly, 1943; 
Eucken, 1944; Baumgartner, 1945; Eskola, 1946). The liquefaction 
starts in the outer regions of the gaseous globe but probably does not 
extend to the center of the mass. Even though the liquefaction has 
been of short duration, it is an important step in the evolution of the 
Earth. 

The chemical composition of the separating liquid phases has been 
discussed in detail by Tammann (1993, 1994a) and Goldschmidt 
(1996, 1999, 1933 6, 1945). Their discussion and conclusions are based 
on the study of phenomena taking place in ore-smelting furnaces. 
The speculation starts with the postulate that the primitive Earth is 
an incompletely oxidized mixture of metals and silicon. They further 
assume that the distribution of the elements is ruled by equilibrium 
reactions between the adjacent liquid phases believed to be formed. 
This theory, as a matter of fact, explains the observed distribution 
of the elements in the meteorite phases. 

As pointed out in chapter 4, sulfur- and arsenic-bearing copper 
ores form pig iron, copper matte, and slag during the smelting — i.e., 
a metal, a sulfide, and a silicate phase. The processes of the formation 
of the geospheres are believed to be comparable, to a certain extent, 
to the separation of the three phases in an ore-smelting furnace. The 
distribution of the elements among the three phases is governed by 
their chemical and physicochemical properties. The distribution of 
the elements among the various phases is essentially controlled by 
their affinity for oxygen and sulfur and by their latent heat of vapori- 
zation (Goldschmidt, 1945). In these respects the elements are com- 
pared with iron, which is the most common heavy metal in terrestrial 
matter. The elements ’which go into the metal phase are those which 
have a lower affinity for oxygen and sulfur than iron does and which 
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are, as such or In form of compounds, readily soluble in molten iron. 
These elements are slderophile. 

Goldschmidt ;'1926, 1959, 19336) postulated the existence of a 
chalcosphere which would incorporate the elements having a higher 
affinity for sulfur than for oxygen. However, observational evidence 
for the existence of this layer is Insufficient, and a comparison with 
the meteorites reveals the relative scarcity of a sulfide phase within 
them. Even though the lack of sulfide meteorites has been explained 
as the result of complete oxidation of such bodies during their flight 
through the Earth’s atmosphere, little proof is available of the exist- 
ence of an independent sulfide layer in the Earth. However, it is rea- 
sonable to suppose that a sulfide phase was actually formed and that 
It was dissolved In both the Iron and the silicate phases. During the 
cooling of the silicate phase, the sulfide phase separated as droplets 
or larger masses. The sulfide phase incorporated the bulk of the chal- 
cophile elements, which, according to their high affinity for sulfur, 
form sulfides which are readily soluble in the iron monosulfide melt. 

The silicate phase, separated from the original liquid phase on 
cooling, floats on top of the molten iron-nickel core. It consists chiefly 
of silicates of the light metals, i.e., of elements which have a high af- 
finity for oxygen — in other words, which have a higher free energy 
of oxidation than Iron does for the lowest oxides Involved. The sili- 
cate phase is not pure because drops of the siderophile elements still 
separated after the formation of the Iron core and fell toward the 
center. In like manner the silicate is contaminated by segregated sul- 
fides. 

A considerable amount of iron, as ferrous silicate, is present in the 
silicate phase. This shows that, even though the formation of the 
Earth took place essentially in a reducing atmosphere and oxygen 
did not suffice to oxidize all the elements present, the amount of 
available oxygen was sufficient to combine with a considerable pro- 
portion of iron, along with silicon and the light metals. 

According to Daly (1943), it is possible that much hydrogen and 
other volatile gases was trapped In the Interior of the condensing 
gaseous body. Therefore, the upper layer of the Iron core may be rela- 
tively rich in dissolved hydrogen and the other gases. 

The general geochemical character of a great number of elements 
Is pronounced enough to cause their decided concentration in one of 
the separate phases. Thus, e.g., silicon Is very strongly lithophile. 
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However, many elements are distributed among the phases less 
quantitatively. 

The second stage of the geochemical differentiation of the Earth 
includes the further evolution of the silicate phase and finally leads 
to the formation of a solid crust of the Earth, which terminates the 
pregeological evolution. This differentiation is still going on today. 
The gradual cooling of the liquid silicate shell released the processes 
of fractional crystallization, which caused the arrangement of the 
silicate phase according to the density of the crystallizing phases. The 
size of the atoms and ions is the ruling factor in the fractional crystal- 
lization, and it causes the sifting and sorting of the particles. The 
crystallization of the silicate melt is usually divided into the follow- 
ing stages (see chap. 5) : the separation of early cry stallates ; the main 
stage of crystallization; and the crystallization from residual melts 
and solutions. These processes lead to the formation of rock-making 
minerals and of Igneous rocks. 

The elements which are connected with the early differentiates of 
silicate magmas, e.g., Cr, Ni, Co, Mg, Ti, Fe, V, and the platinum 
metals become preferentially enriched in the deeper parts of the sili- 
cate mantle. However, too big and too small ions are enriched, ac- 
cording to the laws of crystal chemistry, into the residual melts and 
liquors. The low-density residual magmas of granitic and nepheline 
syenitic composition and the aqueous residual solutions tend to rise 
upward. Moreover, pneumatolytic mineralization, caused by gases 
and vapors, and hydrothermal and metasomatic mineralization from 
aqueous residual solutions may concentrate heavy atoms into the 
uppermost parts of the silicate phase, e.g., uranium and thorium, 
which actually should become concentrated in the lower levels of the 
lithosphere. These processes consequently counteract the differenti- 
ation phenomena which endeavor to concentrate heavy atoms and 
crystals and melts of high density toward the Earth’s interior and 
which tend to make the upper lithosphere impoverished In heavy 
metals. 

It is probable that the first stage in the geochemical differentiation 
of the Earth w T as of short duration as compared with the second 
phase, which caused the formation of the solid crust (Eskola, 1946). 
All through the second stage the differentiation by crystallization con- 
tinued in the forming crust, and the process still goes on today. It is 
probable that this process has been the main factor in the arrange- 
ment of the lithosphere. The rise of the melts and liquors of low den- 

389 



GEOCHEMISTRY 

sity and the sinking of the high-density melts and crystallates has 
caused the grading of the original lithosphere into different layers ac- 
cording to the density of the various phases. This process also gives 
a clue to the explanation of the present-day distribution of the ele- 
ments in the upper lithosphere. 

Adams (1924) was the first to conclude that the solidification of the 
silicate mantle proceeded from the bottom up. Wasiutynski (1946) 
thinks that, although the solidification started at the bottom, the sur- 
face of the uppermost granitic layer solidified first, whereas the lower 
strata of the layer were liquid still in the Archean, and that the final 
crystallization took place during the Caledonian revolution. 

Nearly all geologists, geophysicists, and geochemists have adopted 
the theory of the existence of an iron-nickel core. However, Kuhn and 
Rittmann (1941; Kuhn, 1942, 1946; Rittmann, 1947) deny the exist- 
ence of the metal core on the grounds that, for the Earth as a whole, 
a gravitational separation is impossible because the viscosity of the 
material was too high. Moreover, the time since the Earth’s forma- 
tion has been too short to permit the attaining of mechanical and 
chemical equilibrium in the Earth, although this is possible in smaller 
astronomical bodies. Therefore, they resort to a homogeneous model 
of the Earth (see chap. 3). The present state of the Earth is a result 
of an asymptotic process, which means that the iron core could have 
formed during the last stages of the evolution, when the temperature, 
pressure, and viscosity of the Earth’s interior were essentially similar 
to those prevailing therein today. However, the present physical 
properties of the Earth’s interior do not make the formation of an 
iron core possible. The conditions necessary for the formation of an 
iron core existed only during a very short time and only in the outer 
parts of the condensing Earth. Therefore, a passive enrichment of 
iron which would lead to the formation of an iron core cannot be 
possible. 

According to the theory set forth by Kuhn and Rittmann, much 
hydrogen and helium originally found in the terrestrial material es- 
caped into space during the earliest stages of the Earth’s independent 
existence. The outer regions of the gaseous mass cooled, whereas the 
inner parts attained a high temperature. Therefore, convection 
currents started to carry gas masses heavily laden with hydrogen to- 
ward the surface. This caused degassing, the most important differ- 
entiation process in the Earth, whereby the gas masses were deprived 
of their lightest constituents. The peripheral gases sank back toward 
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the deeper levels, where homogenization took place. The degassing 
was limited to the uppermost gas masses. When the temperature of 
the outermost layers decreased, a number of oxides and metallic iron, 
which was not oxidized because much hydrogen was present, con- 
densed and sank downward as droplets, causing the formation of a 
layer of only slightly volatile substances. The result of these processes 
was the formation of a liquid shell resting on highly compressed, 
nearly unchanged solar matter rich in hydrogen. The degassing con- 
tinued as gas bubbles rose through the liquid. This caused an inten- 
sive effervescence. During further cooling, the outermost layers 
started to crystallize, and a differentiation by crystallization, even 
though on a very limited scale, took place. The present-day volcanic 
activity is a sequel to the intensive effervescence of the pregeological 
times. The time of existence of the Earth as an independent body is 
too short to allow a notable escape of hydrogen by diffusion from the 
inner parts toward the surface. 

Kuhn (1942, 1946), however, agrees that the gravitational differ- 
entiation of the silicate mantle claimed by Tammann and Gold- 
schmidt has been and still is very important, whereas the high tem- 
peratures and pressures in the innermost parts of the Earth make any 
separation of phases practically impossible, because increase in tem- 
perature and pressure promotes the mutual solubility of the phases. 
Neither at present nor during the earlier stages of the Earth’s evolu- 
tion have the circumstances favored the contemporaneous formation 
and separation of droplets of liquid iron and sedimentation of iron to 
form a metallic core. Although the convection currents promote dif- 
ferentiation processes taking place on the surface, they reduce and 
prevent those which would take place in the deeper regions where no 
currents normally should occur. 

According to Kuhn (1946), the separation of iron from the highly 
compressed solar matter is possible only in the surface layer of the 
Earth. The reason is that hydrogen readily dissolves in molten iron 
at elevated temperatures. Under certain circumstances all available 
hydrogen will dissolve, and a hypercritical state is reached. Thus, in 
a mixture consisting of 90 per cent hydrogen and 10 per cent iron at 
a temperature of 5,000° K. and a pressure of 2-10 6 atm, hydrogen is 
completely absorbed by iron. Therefore, it follows that the formation 
of a liquid-iron core in the primitive planet may take place only if the 
mass of the planet is small enough to let most of the hydrogen escape. 

The hypothesis of Kuhn and Rittmann is based on the assumption 
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that the conditions necessary for the formation of an iron core existed 
only when the interior of the Earth had already obtained its present 
physical properties. This has given rise to the argument presented 
by Eucken (1946) that the core might form in a relatively early stage 
of the evolution and that a liquid core might separate by condensa- 
tion directly from a gaseous phase. As emphasized by Eucken, Kuhn 
and Rittmann have shown that the manner of formation of the iron 
core so far suggested is not comparable to the processes in an ore- 
smelting furnace. 

A geochemically interesting argument against the hypothesis of 
Kuhn and Rittmann was presented by Eskola (1946), who pointed 
out that certain elements, in particular silicon, aluminum, and the 
alkali metals, have migrated toward the surface and now are rather 
strongly enriched in the upper lithosphere. The matter which has 
migrated toward the surface constitutes a large part of the total mass 
of the Earth, and therefore one must reckon with a differentiation 
down to the Earth’s interior. Consequently, hydrogen, a light and 
mobile element, must, a fortiori, have followed along with the Sial 
substance. 

FORMATION AND EVOLUTION OF THE LITHOSPHERE 

The early stages of the formation of the lithosphere w^ere dealt with 
in the preceding paragraph. Two groups of processes affecting the 
composition and evolution of the lithosphere may be separated — the 
processes taking place within the lithosphere, particularly in its up- 
permost parts, and those modifying the composition of the relative- 
ly thin surface layer. The first of these groups has been active since 
the second stage in the geochemical differentiation of the Earth and 
is still active. The phenomena of the second group started with the 
formation of the first stable crust surrounding the Earth. Also in the 
case of the lithosphere one must reckon with the two hypotheses con- 
cerning the composition of the Earth’s interior. Consequently, the 
following discussion will deal first with the traditional geological and 
geochemical discussion on the origin and formation of the litho- 
sphere, followed by the presentation of the recent hypothesis of 
Rittmann (1947). The highly speculative suggestions of Dauvillier 
(1947) are supported by few known facts and consequently will not 
be included in this paragraph. 

The formation of the solid crust terminated the pregeological evo- 
lution of the Earth. The formation of the crust included numerous 
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phases of remelting until a stable crust was formed. Thereafter, light 
granitic magmas began their rise upward, and the isostatic adjust- 
ment of the Earth's crust was finally established. It is probable that 
the crust originally was very thin, perhaps only a few hundred meters 
in thickness (Eskola, 1982a) . The thickness increased by the action 
of intruding and solidifying granitic magma masses, and it might be 
probable that in Archean times there occurred a regional upwelling 
of granitic magmas (Eskola, 1936). During the earliest stages of geo- 
logical evolution, volcanic activity probably was very pronounced, 
and also plutonic activity took place on a larger scale than it ever 
did later. 

When the temperature of the crust was still high, above the critical 
temperature of water vapor, chemical reactions took place between 
the crust and the atmosphere. Before the condensation of water va- 
por the reactions had the character of pneumatolytic reactions, but, 
with the condensation and the drop in temperature, they declined in 
intensity and assumed the character of hydrothermal activity. Final- 
ly, the hydrothermal reactions graded over to weathering. It is thus 
evident that intense chemical decomposition of the Earth's first 
crust has taken place. 

The start of weathering marks the onset of the third stage in the 
geochemical differentiation of the Earth (Goldschmidt, 1926, 1929, 
19336). This stage consists of the exogenic cycle and is represented 
principally by the formation of sediments and sedimentary rocks. 
Secondary alteration processes and metamorphic phenomena are 
also included in this group, and they all share the property of taking 
place in aqueous solution. The exogenic cycle grows in activity with 
the formation of the hydrosphere and the evolution of an atmosphere 
containing free oxygen. 

The crystallization from the aqueous solutions, whether of juvenile 
or of meteoric origin, takes place at temperatures which are consid- 
erably lower than the temperatures at which the crystallization of 
magmas takes place. Consequently, the thermal order of the three 
stages of geochemical differentiation corresponds to their chronologi- 
cal order. Temperature, pressure, hydrogen-ion concentration, and 
redox potential govern the crystallization from aqueous solutions. 
Crystal structure, ionic dimensions, and colloid chemical phenomena 
determine the distribution of the elements in the various geochemical 
groups of sediments (see chap. 5). 

The reactions taking place between the rocks on the Earth’s sur- 
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face and water and oxygen, which are the most important active 
constituents of the hydrosphere and the atmosphere, may be repeat- 
ed and will finally lead to a closed cycle, contrary to the first stage 
of geochemical differentiation, which took place only once and in a 
given direction. In this respect they also differ from the early part 
of the second stage of differentiation. 

The processes which have caused inhomogeneity of the Earth and 
still cause migration of elements and their compounds may be called 
the metabolism of the Earth (Goldschmidt, 19 226). Mechanical and 
chemical weathering, transportation, and sedimentation cause a 
separation of most of the chemical constituents of rocks. Gold- 
schmidt compared these processes with a gigantic semiquantitative 
chemical rock analysis. Even though the result is not very bad, it is 
not very good, either, because the methods of analysis are not refined. 

Material from the outer crust enters the endogenic cycle in moun- 
tain-building processes. Metamorphic and metasomatic processes 
thereby start to modify the composition of the added material. Meta- 
morphism is active in the present-day evolution of the upper litho- 
sphere, just as it was before. As pointed out by Goldschmidt (19226), 
the general tendency in metasomatic processes is toward equalization 
of the composition of the lithosphere. However, this tendency is not 
very pronounced because many processes, e.g., radioactive decay, 
lead to a new* differentiation. The products formed by metamorphic 
and metasomatic changes may re-enter the exogenic cycle. Therefore, 
it is evident that there is a considerable amount of matter in constant 
circulation, which causes an increasing chemical differentiation. 
Metasomatic processes are unable to equalize the composition of 
participating material. At present, differentiation predominates over 
the equalization in the Earth as a whole. Progressive differentiation 
will take place until the cooling of the Earth’s crust terminates it, at 
least temporarily. 

Along with the metamorphic and metasomatic processes, plutonic 
and volcanic processes change the composition of the upper litho- 
sphere. In the arrangement of the outermost silicate shell of the 
Earth, crystallization and differentiation by crystallization were and 
still are the most important processes. The light granitic magma, 
which has a low temperature of crystallization, still wanders upward 
through the crust (Eskola, 1939a). 

The binegative oxygen is the only important anion in the litho- 
sphere (Goldschmidt, 1928). The lithosphere is actually an oxy- 
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sphere: the oxygen content in the upper lithosphere is 91.83 per cent 
by volume (see Table 2.2). According to Ramberg (1944, 19466), oxy- 
gen and other elements with low Active density move upward in the 
crust, whereas elements with high Active density migrate downward. 
The migration is caused by diffusion. Consequently, highly oxidized 
surface rocks, when brought down into the deeper parts of the upper 
lithosphere, lose a part of their oxygen by squeezing. The oxygen re- 
turns to the surface, partly in minerals, partly as water and carbon 
dioxide (Barth, 1948). Atomic oxygen might form at high tempera- 
tures and pressures. The rocks are oxidized at the surface during 
weathering, and the weathering products are deprived of a part of the 
oxygen in the depth. Because iron is the main constituent to become 
oxidized (to ferric iron) and reduced (to ferrous iron) in these proc- 
esses, it acts as a respiratory pigment in the upper lithosphere, as 
pointed out by Landergren (1948). 

Not only oxygen is squeezed out from the rocks in the deeper layers 
of the Earth’s crust, but water is expelled from hydrous minerals, 
partly as water molecules, partly as hydrogen and oxygen ions 
(Ramberg, 1948). Moreover, carbon dioxide may be removed from 
carbonate minerals and limestones. 

Ramberg (1945c) suggests that there exist chemical potentials 
which are responsible for the gravitative arrangement of the various 
minerals into homogeneous spheres and which act in the same direc- 
tion as do the gravitational force. If rocks or magmas of high density 
rest on rocks or magmas of low density, chemical potential differ- 
ences exist which tend to cause the masses to change places. Ramberg 
(1948) also believes that diffusion is the only process able to equalize 
chemical instability in the upper lithosphere. 

The processes referred to above which take place in the interior of 
the lithosphere have tended, during the geological history of the 
Earth, to equalize any differences in the distribution of the elements. 
The primary distribution of the elements in the various layers of the 
upper lithosphere might originally have been uniform in all parts of 
the globe, provided that no primordial differentiation had taken 
place to cause differences. At present, there are numerous examples 
of the inhomogeneity of the upper lithosphere, many of which are 
referred to in Part II of this book. Among the most notable is the 
high abundance of uranium and radium in some parts of the pre- 
Cambrian Canadian Shield and the scarcity of these metals in the 
pre-Cambrian areas of Fennoscandia. Similarly, there are regional 
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differences in the content of strontium and barium in igneous rocks 
(Holmes and Harwood, 1932). The differences are very marked in 
granites of different geological ages and of different geological forma- 
tions. The general rule seems to be that granites of very ancient geo- 
logical age are markedly deficient in many trace elements, compared 
with chronologically younger granites. To explain this peculiar be- 
havior of the granites, it has been suggested that a secular migration 
of the elements on a global scale takes place in the Earth’s crust and 
leads to a geochemical differentiation of the upper lithosphere (Ran- 
kama, 1946). A group of elements, called the granitophile elements, 
which are typical of the light granitic magmas, tend to become con- 
centrated in the outermost parts of the lithosphere. This group in- 
cludes, among others, lithium, rubidium, cesium, beryllium, lan- 
thanum and the lanthanides, columbium, and tantalum. The sidero- 
phile and chalcophile elements, along with some other elements 
which are called granitophobe, are pushed down toward the basaltic 
substratum. The explanation of the global differentiation is the con- 
tinuous self -repeating granitization which is believed to take place in 
connection with the mountain-building processes. The intergranular 
palingenetic granitic magma tends to rise toward the surface, in some 
cases rejuvenated and augmented by residual primary granitic mag- 
mas. The granitization, along with the slow chemical processes 
which endeavor to attain complete thermodynamic equilibrium dur- 
ing the evolution of the crust — dispersion, migration, and consolida- 
tion (Ramberg, 1945a) — is thought to be reproduced throughout the 
orogenic history of the Earth. The continuous formation of granites, 
whether truly magmatic or palingenetic, will greatly add to the silicic 
character of the outermost layers of the lithosphere. It must be 
noticed that granites and granodiorites now constitute 95 per cent of 
all known areas of intrusive rocks. 

The discussion presented above is based on traditional geological 
and geochemical speculation. The formation and evolution of the 
outermost geochemical spheres of the Earth on the basis of the hy- 
pothesis of a hydrogen-core Earth were discussed by Rittmann (1947) 
on the basic assumption that the subcrustal magma cannot produce 
a granitic residual melt during differentiation, but only a trachytic 
or phonolitic melt. Therefore, the first Sial crust must have been of 
a nonmagmatic origin. According to Rittmann, the fluid silicate 
layer on top of the solar matter in the interior of the Earth consisted 
chiefly of silicates of magnesium and of small amounts of silicates of 
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iron, calcium, and the alkali metals. Water vapor and hydrogen were 
also present in the melt. This composition corresponds to an olivine 
basalt magma. Convection currents took place and removed water 
vapor, hydrogen, and other readily volatile substances, e.g., chlorides 
of the alkali metals. These compounds were transported to the sur- 
rounding gaseous phase, called the pneumatosphere, which consisted 
chiefly of hypercritical water vapor and notable quantities of nitro- 
gen, hydrogen, carbon dioxide, and hydrochloric acid. Moreover, 
there were readily volatile chlorides, fluorides, and other compounds. 
The pneumatosphere had the properties of a pegmatitic-pneumato- 
lytic solution, and consequently it was able to incorporate consider- 
able quantities of so-called pneumatophile elements, i.e., those 
which become enriched in pegmatitic, pneumatolytic, and hydrother- 
mal solutions and are carried by gases and vapors. This group in- 
cludes many chaleophile and lithophile elements. Rittmann believes 
that all these elements were more or less completely removed to the 
pneumatosphere simultaneously with the formation of the fluid 
magma layer. 

The crystallization of the magma layer started from the surface 
and finally produced a solid crust of olivine basaltic composition. 
When the temperature of the pneumatosphere decreased below about 
800 ° C., quartz, feldspars, and micas separated and settled on top of 
the solid silicate layer, as a pegmatitic crust. This was covered mainly 
with quartz when the temperature sank to approximately 400 ° C. 
The silicic layer was penetrated by frequent eruptions of the basic 
subcrustal magma. The pneumatolytic deposits, in particular, con- 
tained minerals formed in the pneumatosphere by supersaturation, 
such as cassiterite, molybdenite, and wolframite. The sulfide miner- 
als of lead, zinc, silver, mercury, and other metals remained in the 
hydrothermal solution until condensation of the water vapor took 
place. 

This condensation also caused strong mechanical and chemical 
weathering in the beginning of the process, when the temperature 
was around 100° C. The silicate minerals were decomposed and dis- 
solved. Quartz, argillaceous substances, sericite, and chlorite were 
deposited in the basins of the primordial oceans. Hydrothermal min- 
erals, such as calcite, magnesite, and siderite, were also formed, mak- 
ing the Protosial, which had a gabbroic or dioritic composition. 

A part of sodium and small amounts of potassium, magnesium, and 
calcium were removed in solution to the hydrosphere, but the bulk 
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of the pneumatophile elements was present in the Protosial. The min- 
erals which dissolved or decomposed only with difficulty became con- 
centrated locally as placers in the sediments, and this process caused 
the uneven distribution of tin, tungsten, lead, zinc, copper, and other 
elements in the Protosial and later in the ore deposits in the upper- 
most lithosphere. The small remainder of the pneumatosphere 
formed the atmosphere, which developed gradually into the present 
atmosphere, owing to the passive enrichment of oxygen and removal 
of hydrogen by dissipation. Radioactive decay produced the heat 
required for the partial melting and anatexis of the Protosial, and only 
then was the first granitic magma produced. This process, again, 
caused the migration of the bulk of the pneumatophile elements to- 
ward the surface. The upwelling material and the metamorphosed 
sediments formed the Sial crust in a process of metamorphic differen- 
tiation, and, finally, the lithosphere obtained its present composition 
and structure. 

FORMATION AND EVOLUTION OF THE ATMOSPHERE 

The formation and evolution of the atmosphere is of high geochemi- 
cal interest. As a matter of fact, the processes connected therewith are 
less hypothetical than those envisaged for the evolution of the litho- 
sphere. The processes and phenomena connected with the formation 
of an atmosphere for the hydrogen-core Earth were presented in the 
previous paragraph, and therefore it remains to discuss the evolution 
of the atmosphere on the basis of other, traditional, viewpoints. 

The first stage of the geochemical differentiation included the for- 
mation of a gaseous phase, the protoatmosphere, which surrounded 
the liquid phase. The protoatmosphere contained chemically inert 
and readily volatile elements and compounds of other elements hav- 
ing these properties. Prior to this stage the Earth must already have 
lost a very large amount of the lighter atoms by dissipation into 
space. Russell (1935) concludes that the cooling of the Earth has been 
so rapid that surface temperatures of the order of 5,000° 3L could not 
have prevailed for more than a few years. Consequently, the loss of 
the light and inert elements must have taken place during the first 
years, if not days, of the Earth’s independent existence. It seems to 
be probable that the Earth actually lost most, if not all, of the origi- 
nal atmospheric constituents during an early stage in its evolution, 
immediately or almost immediately after its separation as an inde- 
pendent body (Russell and Menzel, 1933). Therefore, the present 
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atmosphere and the present hydrosphere probably are of secondary 
origin (Goldschmidt, 1926; Russell, 1935; Lord Rayleigh, 1939). 

Kuhn and Rittmann (1941) calculated that, as long as the surface 
temperature of the Earth exceeded 6,000° C., all elements with atom- 
ic weight up to 30 would escape from the gravitational field. At a 
temperature of 3,000° C. the limiting atomic weight would be 14; at 
2,000° C., 10; at 1,500° €., 7; and at 1,000° 5. Moreover, free elec- 

trons escape readily from the upper layers of the gaseous mantle, and 
therefore these layers will receive a positive charge, which increases 
the rate of escape of positively charged ions. Therefore, for positive 
ions the effective limiting atomic weight is about half the real atomic 
weight. Such elements as sodium, potassium, and calcium, which are 
readily ionized, will thus be removed. 

The elements present in the protoatmosphere included the typi- 
cally atmophile elements hydrogen, nitrogen, and the inert gases; 
carbon as carbon dioxide; and such elements as mercury, sulfur, 
selenium, tellurium, and arsenic, which either are readily volatile or, 
together with hydrogen, form gaseous molecules and radicals. Also, 
the halogens chlorine, bromine, and iodine may have been present as 
hydrogen compounds (Goldschmidt, 1926 , 19375 ). The presence of 
sulfur and chlorine in the protoatmosphere had already been suggest- 
ed by T. Sterry Hunt in 1897. Eucken ( 1944 ) points out that hy- 
drides, including the silicon hydride, must actually have been very 
abundant in the gaseous mantle because of the high abundance of 
hydrogen. They were later decomposed or oxidized, and hydrogen 
escaped into the interplanetary space. In like manner the alkali 
metals, being readily volatile, were originally present in the gaseous 
mantle. 

When the liquid silicate shell began to solidify, great quantities of 
gases escaped from the crystallizing melt into the rarefied gaseous 
sphere. The new atmosphere escaped at a slower pace, and the rate 
of escape decreased with the continuing cooling of the Earth’s sur- 
face. The atmosphere would consist of carbon monoxide and dioxide, 
nitrogen, water vapor, the inert gases, and some leftovers from the 
protoatmosphere. In addition, the preaquatic atmosphere contained 
compounds having critical temperatures greater than the critical 
temperature of water vapor, e.g., halogen and sulfur compounds, 
such as S0 2 , S0 3 , and H 2 S, and a number of compounds of boron, ar- 
senic, and mercury, and ammonium salts. These compounds were 
removed from the atmosphere before the condensation of water va- 
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por. It is unlikely that at this stage the atmosphere contained large 
amounts of free oxygen. It must be noticed that free oxygen is not a 
characteristic constituent of volcanic emanations. In like manner ig- 
neous rocks contain ferrous iron as a proof of their deficiency in 
oxygen. 

The next stage in the evolution of the atmosphere consisted of the 
condensation of water vapor when the temperature decreased below 
the critical temperature of water vapor. This process will be discussed 
in the next paragraph. 

Geochemically, the most important process in the evolution of the 
atmosphere is the formation of free oxygen. At present, the presence 
of large quantities of free oxygen in the atmosphere of a planet is re- 
stricted to the Earth. Therefore, it is probable that the formation of 
an atmosphere containing free oxygen is not a normal feature of 
planetary evolution. 

Three different theories have been presented on the origin of at- 
mospheric oxygen. During the earliest stages in the geological history 
of the Earth there probably was no free oxygen in the atmosphere. 
According to Tammann (19246), water vapor in the atmosphere was 
thermally decomposed into hydrogen and oxygen. Hydrogen escaped 
into space, and oxygen was first consumed in the oxidation of ferrous 
silicates when the solidification of the Earth’s crust still was incom- 
plete. Only when a solid crust was formed did oxygen accumulate in 
the atmosphere. Tammann believes that free oxygen was probably 
formed between the start and the end of the solidification of the 
crust. Kuhn and Rittmann (1941) also favor this manner of forma- 
tion of the atmospheric oxygen. However, according to Niini (1932), 
the decrease of temperature after the formation of the second atmos- 
phere containing water vapor has been so rapid that the outermost 
layers of the atmosphere have cooled off enough to make the thermal 
dissociation of water vapor improbable. 

Another theory of the origin of the atmospheric oxygen was pre- 
sented by Goldschmidt (1933a, 1934), who based his discussion on 
the production of vast amounts of oxygen in the photosynthetic proc- 
esses by green plants at the present time. He concluded that most or 
all free oxygen has been gradually produced from carbon dioxide by 
photosynthesis. The bulk of carbon dioxide which has participated 
in the cycle of carbon is the gradual product of volcanic activity. 
However, when the first chlorophyll-bearing plants evolved, there 
must already have existed at least a small initial supply of free at- 
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mospheric oxygen to make the respiration of the plants possible. It 
is not necessary for this supply to have been great because even today 
a small proportion of the present content of atmospheric oxygen 
would suffice to meet the needs of plant life. 

According to the third theory, the small initial supply of oxygen 
is a product of photochemical dissociation of water vapor rather than 
of thermal dissociation (Eskola, 1939; Poole, 1941). Thereafter, the 
bulk of the present-day atmospheric oxygen was produced by photo- 
synthesis, as is generally believed today. 

Additional oxygen may have been produced in some reactions tak- 
ing place between volcanic gases, as pointed out by Nichols (1941) : 

2CI 2 + 2H 2 0 4HC1 + 0 2 . 

However, a part of the oxygen thus liberated is consumed in the oxi- 
dation of other constituents of volcanic emanations, and the quanti- 
tative importance of this source remains unknown. Provided that 
temperature was sufficiently high during the earlier stages of the 
Earth’s evolution, gravitative differentiation in the lithosphere might 
have contributed to the supply of free oxygen by squeezing oxygen 
out from mineral structures (Ramberg, 1948). However, this oxygen 
may have been consumed in oxidation and never have reached the 
surface. 

As pointed out above, carbon dioxide has probably been gradual- 
ly added to the atmosphere by volcanic emanations. Biological argu- 
ments favor this view. Conway (1943) has calculated that the total 
amount of carbon dioxide bound within carbonates and bioliths and 
in the biosphere would give a partial pressure of about 480 mm Hg 
if it were all present in the atmosphere. This high carbon dioxide con- 
centration is fatal to life. However, other sources of carbon dioxide 
have also been suggested. Noddack (1937) thinks that the carbonates 
might have been formed by the oxidation of native carbon after the 
formation of a solid crust. The relatively high content of carbon in 
stony meteorites, compared with the terrestrial igneous rocks, would 
seem to lend support to this view. Noddack also suggests that atmos- 
pheric carbon dioxide was produced in reactions between silica and 
carbonates during the solidification of the crust. Conway (1943), in 
part following Poole (1941), suggested that methane of volcanic ori- 
gin or primarily found in the atmosphere was oxidized into carbon di- 
oxide or removed directly by biochemical agencies. 

Hogbom (1894) was the first to reason that considerable change in 

401 



GEOCHEMISTRY 

the carbon dioxide content of the atmosphere is possible. At the pres- 
ent time much carbon dioxide is added to the atmosphere as a result 
of combustion of various carbonaceous fuels and of fermentation in 
the anthroposphere (see chap. 19). The content of carbon dioxide in 
the atmosphere is now on tlie increase and will continue to be so until 
the difference in the partial pressure of carbon dioxide between the 
atmosphere and the sea — the regulating mechanism — has grown 
large enough to produce equilibrium or a steady state at which car- 
bon dioxide is absorbed by sea water at the same rate at which it is 
produced. At present, the amount of carbon dioxide produced by 
combustion exceeds the amount stored in the caustobioliths (see 
Table 19.4). 

All carbon dioxide is finally bound as carbonate during the weath- 
ering of igneous rocks, and chances are small that it will ever become 
completely released in silicification. The progressive cooling of the 
Earth makes the formation only of compounds of low energy content 
possible, as Hogbom (1894) points out, and the fixation of carbon di- 
oxide in carbonates is one of those processes. The other chemical re- 
actions which take place in the zone of weathering are predominantly 
of similar character. 

Like carbon dioxide, nitrogen also might be largely of juvenile ori- 
gin. The nitrogen in volcanic gases is evidently partly of meteoric 
origin, but an ample supply of nitrogen is present in igneous rocks 
(Lord Rayleigh, 1939). This suggests that atmospheric nitrogen is 
not necessarily a residue from the protoatmosphere. The supply in- 
creased during geological time, when nitrogen trapped in rock min- 
erals was released. Ammoniacal nitrogen is probably also present in 
igneous rocks. It is probable that both molecular nitrogen and am- 
monia were present in the atmosphere after the formation of the 
solid crust (Hutchinson, 1944). Nitrogen oxides might have been 
produced in photochemical reactions and electrical discharges. 

The inert gases in the atmosphere may be assumed, with a high 
degree of probability, to be produced by volcanic emanations and 
weathering of rocks. The bulk of these gases was lost during the ini- 
tial stages of the evolution of the Earth. The exceptionally high 
abundance of argon is caused by the formation of the isotope A 40 in 
the radioactive decay of K 40 during the geological evolution of the 
Earth (see chap. 45). As pointed out by Russell and Menzel (1933), 
there is practically no hydrogen in the present atmosphere and much 
less helium than has been liberated from radioactive igneous rocks 
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during geological time. Hydrogen and helium are still being eliminat- 
ed today from the upper atmosphere by collision with metastable 
oxygen atoms, which impart to hydrogen and helium atoms speeds 
which exceed the escape velocity. 

According to the discussion presented above, it is certain that the 
composition of the Earth’s atmosphere has changed during geological 
evolution. Very probably the whole present atmosphere is of second- 
ary origin. Even today the chemical composition of sea water still 
displays some of the features of the ancient atmosphere before and 
during the condensation of water vapor, viz., the high abundance of 
compounds of chlorine, bromine, iodine, boron, and sulfur, which 
are rare in the upper lithosphere. 

Independent proof of the secondary origin of the present terrestrial 
atmosphere was furnished by Kuiper (1944) from a study of the 
composition of the atmosphere of Titan, one of Saturn’s satellites. 
The study revealed the presence of gases rich in hydrogen in Titan’s 
atmosphere. This fact indicates that, if Titan’s surface ever was hot, 
its present atmosphere must be secondary. With almost equal force, 
this conclusion follows for Mars, which, like Titan, has a small mass, 
and to a lesser extent for Venus and the Earth. All, or nearly all, 
present constituents in the atmospheres of these planets must have 
escaped from the crust after the cooling of the planet. 

FORMATION AND EVOLUTION OF THE HYDROSPHERE 

The formation of the hydrosphere starts with the condensation of 
water vapor. Because the present atmosphere is now believed to be 
of secondary origin, it is only reasonable to make the same assump- 
tion for the hydrosphere. Therefore, the primeval hydrosphere must 
be considered to have been much less massive than the present hy- 
drosphere. On the other hand, the opposite assumption, viz., that the 
amount of water on the Earth has not changed since the condensa- 
tion, at least not decreased considerably, has been proved to be useful 
for theoretical considerations dealing with the process of condensa- 
tion. 

Niini (1932) based a theoretical discussion of the condensation of 
water vapor on the assumption that the quantity of water has re- 
mained stable. He showed that, when the condensation took place, 
a dense layer of clouds and a phase boundary formed between the 
liquid and the gaseous water. No rains occurred, but the quantity of 
the condensed water increased slowly. The condensation started 

403 



GEOCHEMISTRY 


when the critical temperature of water was reached. However, the 
substances partly dissolved in the gaseous phase caused the conden- 
sation to start above the critical temperature of pure water. At a tem- 
perature of 100° C. the atmosphere still contained much water vapor, 
and the atmospheric pressure was higher than today. Chemical reac- 
tions took place in the vapor phase and also between the atmosphere 
and the Earth’s crust. They resembled pneumatolytic and hydro- 
thermal processes. 

However, because the amount of water evidently has been un- 
stable and the present hydrosphere is of secondary origin, the amount 
of water vapor during the condensation must have been small, and 
therefore the condensation started below the critical temperature of 
water, and there actually was a first rain. 

At present it cannot be stated whether the amount of water is still 
increasing. Water vapor is given off by the volcanoes, but it is proba- 
bly largely of meteoric origin. Water is removed by weathering and 
sedimentation, and it might be possible that the removal balances, or 
perhaps exceeds, the addition. 

Changes have occurred in the chemical composition of the oceans 
during the geological evolution of the Earth. The hydrosphere after 
its formation evidently contained material which was dissolved in the 
preaquatic atmosphere and deposited on the crust of the Earth. The 
first salts in sea water were probably mainly halogenides. It might be 
possible that the primeval ocean was more acid than the present one 
and that the content of salts in sea water was comparatively low. 
However, during the geological evolution, many substances accumu- 
lated in the ocean, partly produced by weathering of rocks. More- 
over, it must be assumed that vast amounts of volatile substances 
released by volcanic activity were finally transported into the sea. 
Conway (1943) has calculated that only approximately 2 per cent of 
the oceanic chloride was produced by weathering, provided that the 
average composition of igneous rocks has not changed during geologi- 
cal evolution. 

Landergren (1945) suggested that the original boron content of the 
hydrosphere was forty to fifty times as high as the present boron con- 
tent of sea water. This content would represent the original supply 
of boron compounds produced by volcanic activity before the forma- 
tion of the hydrosphere. A continual decrease in the boron content 
took place until equilibrium was attained between supply and depo- 
sition; this had already happened during pre-Cambrian times. From 
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Cambrian to Recent time the boron content of sea water has re- 
mained practically constant. 

According to Conway (1943, 1945, 1947), the content of both sodi- 
um and potassium in sea water increased in the beginning, and the 
peak of the potassium concentration was reached between the pre- 
Cambrian and the Cambrian. Then the removal of potassium in cer- 
tain minerals caused the gradual decrease of the potassium content 
until its present level was reached. Conway suggests that potassium 
was removed in illite and to some extent in glauconite and phillipsite. 
The removal in glauconite possibly predominated from the Mesozoic 
era onward. Conway believes that biochemical processes promote the 
formation of glauconite, which started in the pre-Cambrian ocean 
when the organisms were first formed. When potassium was removed, 
a corresponding amount of hydrochloric acid was released, and an 
equivalent amount of calcium carbonate was dissolved. Therefore, 
there occurred a progressive increase in the calcium and magnesium 
content of ocean water until the Cambrian, when the first calcareous 
shells appeared. Parallel to the increase in the content of calcium and 
magnesium, the content of sulfate decreased. So far, Conway’s views 
have not been unanimously accepted. 

The ocean is effectively buffered against large releases of acid or 
alkali. The hydrogen-ion concentration, according to Conway (1943), 
has remained nearly constant. 

Sedimentation in the hydrosphere affects the chemical composition 
of the upper lithosphere. Kuenen (1937) emphasizes the fact that 
real deep-sea sediments are totally or nearly totally absent on the 
present-day continents; and therefore he concludes that all material 
deposited in the depths of the oceans is permanently lost to the cycle. 
A continuous accumulation takes place in the abyssal regions. Much 
water is also lost in the pore space of the accumulating sediments, 
and the loss attained a maximum during the early history of the 
oceans. Since that time the volume of the oceans has remained prac- 
tically constant. 

Kuenen (1938, 1941) also thinks that the calcium liberated in 
weathering before the Cambrian was precipitated physically and 
chemically in the shallow waters of the epicontinental seas. From the 
Cambrian onward, biological precipitation of calcium carbonate took 
place, and at present so much calcium is permanently deposited in 
the Globigerina ooze that in about 150 *10 6 years a lime famine must 
set in. 
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FORMATION AND EVOLUTION OF THE BIOSPHERE 

Vernadsky (1933) pointed out that the reactions taking place in 
the upper lithosphere have remained practically unchanged since the 
earliest geological history of the Earth. The same minerals were 
formed in Archean igneous rocks that form in igneous rocks today. 
Contrary to the stability of the upper lithosphere, the biosphere is 
changeable. 

All organisms contain endothermic compounds. Consequently, 
they require foreign energy, either cosmic or terrestrial, for their 
sustenance. 

It is not known with certainty when life started on the Earth. 
Hutchinson ( 1944 ) believes that life, atmospheric oxygen, and the 
ocean all developed concurrently. Baudisch (1943) expressed the be- 
lief that life started very soon after the Earth had cooled off to the 
proper temperature and that it covered the Earth’s crust in a geo- 
logically short time. The oldest fossil so far known, Corycium enig - 
maiicum Sederholm (Rankama, 1948a), is dated, by geological evi- 
dence, as far back as no less than 1,400 -10 6 years. 

It is probable that organic substances were synthesized before the 
advent of the organisms and that there was a large supply of prebio- 
logical organic matter available. The evolution of the organisms de- 
pended on the quantity and manner of occurrence of the biophile ele- 
ments, in particular, on the supply of carbon, nitrogen, and oxygen. 
Hutchinson (1944), who believes that the ancient atmosphere con- 
tained both molecular nitrogen and ammonia, thinks that the utili- 
zation of oxidized nitrogen by the organisms is a later process than 
the utilization of ammonia. The first true organisms presumably were 
ammonia organisms or lived on the accumulated organic matter left 
over from their evolution. They converted ammonia into organic 
compounds (amines). The limited supply of original ammonia was 
probably augmented by some juvenile ammonia. As soon as oxygen 
appeared, ammonia was oxidized to nitrate, which accumulated. The 
evolution of autotrophic nitrifiers would intensify the accumulation 
of nitrate until organisms evolved which were capable of utilizing 
nitrate and nitrite, either in place of oxygen in respiration or as a 
nitrogen source in the protein synthesis. Hutchinson believes that the 
biological fixation of nitrogen is probably a later phenomenon than 
the other stages. The development of leguminous plants in the Meso- 
zoic presumably caused an increase in nitrogen fixation, but the 
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nodule bacteria grew in importance only with the advent of the sci- 
entific methods of agriculture during the Psychozoic era. According 
to Hutchinson, the present composition of the atmosphere is proba- 
bly unstable in the presence of solar radiation and meteorological 
phenomena without nitrate-utilizing and denitrifying organisms. 

Eskola (1939) has emphasized the connection between the rhythm 
in the biological evolution of the Earth and the orogenic movements. 
During the mountain-building processes the volcanic activity attains 
a maximum, and during these times also the production of juvenile 
carbon dioxide may have reached a peak. The orogenic periods in the 
Earth’s evolution are also culmination periods of biological evolution, 
and therefore one may assume that the abundant supply of carbon 
dioxide is one of the reasons for the rhythm in the evolution of life 
and in its evolution as a whole. Carbon dioxide is constantly being 
stored in limestone, but the deficiency caused by this process is, so 
far, balanced by juvenile carbon dioxide and, at present, overbal- 
anced by the combustion of carbonaceous fuels. However, life — first 
and foremost the existence of plants — depends on the production of 
juvenile carbon dioxide and would soon be brought to a stop if the 
production should cease. 

Eskola (1940) has also discussed the mutual relationships between 
carbon dioxide and oxygen in the atmosphere and the evolution of 
life. He states that the existence of free oxygen is chemically abnor- 
mal because oxygen readily combines with most other elements. 
Therefore, an oxygen-bearing atmosphere is actually luxury. The 
condition of its formation is that the carbon dioxide content in the 
beginning was small, not very much in excess of its present value, 
because a higher content is lethal to life. Consequently, the plant life 
must have started before too much carbon dioxide had been released 
into the atmosphere by volcanic activity. Later, the production of 
juvenile carbon dioxide was balanced by its removal in biological 
processes and in weathering, and the content of carbon dioxide in 
atmospheric air remained constantly low. If life had started too late, 
it could not have been sustained because of the high carbon dioxide 
content of the atmosphere and the hydrosphere, and therefore the 
carbon dioxide content would constantly rise. 

The complexity of living matter has increased throughout the geo- 
chemical evolution of the biosphere. In this respect the inorganic 
compounds are unable to compete with the organic compounds. 
However, it may be assumed that the chemical reactions brought 
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about by organisms were basically constant through all the geologi- 
cal history since the start of life. Only their intensity has changed 
with the geological epochs (Baudisch, 1943). 

The first organic compounds on the Earth may have been formed 
by photochemical reactions or by electrical discharges in the atmos- 
phere, provided that suitable inorganic compounds were available. 
It is known that formaldehyde is present in rain water, and it has 
been suggested that it forms photochemically from carbon dioxide and 
water vapor in the atmosphere in or above the ozone layer. The first 
carbohydrates may have formed from carbon dioxide and water in a 
photochemically activated synthesis. Baudisch (1939) considers 
formhydroxamic acid: 

H — C = NOH 

I 

OH 

and formaldoxime: 

H\ 

C=NOH 

h/ 

the simplest carbon- and nitrogen-bearing compounds formed from 
inorganic matter in photochemically activated synthesis. Formhy- 
droxamic acid is synthesized from formaldehyde and nitric oxide, and 
nitric oxide forms in the atmosphere as a result of photochemical oxi- 
dation of nitrogen or ammonia or in electrical discharges. Nitrogen 
might have entered the biosphere in the form of formhydroxamic 
acid. 

Plant life probably could not start until there was some free oxygen 
in the atmosphere. Photosynthesis cannot have started without the 
previous existence of living matter. Rabinowitch (1945) believes 
that, when organic life started, the Earth’s surface was chemically 
more active than at present. He suggests that hydrogen sulfide might 
have been available to bacteria for the reduction of carbon dioxide, 
first in dark and then, with the advent of the purple bacteria, in light. 
The next stage in the evolution is the advent of the green plants, 
which reduce carbon dioxide in light by means of water. The transi- 
tion from bacteria to algae, which w’ere no longer dependent on the 
decreasing supply of hydrogen sulfide as a hydrogen donor, allowed 
life to spread over the whole surface of the Earth. During the further 
development of plant life, the first land plants appeared in the Siluri- 
an, and the first green forests were formed about 7(M0 6 - 110 TO 6 
years ago in the Cretaceous and the Tertiary. 
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A landmark in the development of animals is the appearance of the 
first calcareous skeletons in the Cambrian, about 500 -10 6 years ago. 
The animals are now powerfully developed, and their formation is 
one of the most important processes in the evolution of the bio- 
sphere. The evolution of man started 15 or 20 million years ago. 
However, modern man did not appear until some 100,000 years ago, 
and the action of the anthroposphere as a powerful geochemical agent 
has been in process but a few hundred years. 

With the formation of the biosphere, the foremost biophile ele- 
ments have resumed an increasingly important role in reactions af- 
fecting the chemical composition of the three other uppermost geo- 
chemical spheres. According to Goldschmidt (1926, 1929, 19336), the 
reactions between the biosphere, on the one hand, and the litho- 
sphere, the hydrosphere, and the atmosphere, on the other hand, 
form the fourth stage in the geochemical differentiation of the Earth. 
Valence properties and physical principles dominate the reactions. 
The biochemical formation of free atmospheric oxygen is the most 
important process in the evolution of the atmosphere. A part of sedi- 
mentation takes place with the help of organisms, e.g., the deposition 
of the hydroxides of iron and manganese and, in particular, the depo- 
sition of calcium carbonate. The role of the biosphere is of high im- 
portance in the geochemistry of oxygen, carbon, nitrogen, and calci- 
um and, in addition, in that of phosphorus and iodine. The manner 
of occurrence of these elements in the biosphere is discussed in the 
respective chapters in Part II of this book. 

The geochemical activities of the anthroposphere were briefly dis- 
cussed in chapter 8. Suffice it to state here that man is able to cause 
changes in the composition of all the outermost geochemical spheres 
of the Earth. So far it is unknown whether any of these changes dis- 
turb the balance of Nature. With special reference to the biosphere, 
it may be added that man is capable of increasing the mass of living 
matter, particularly the mass of plants, by regulating the productivi- 
ty of soil. 
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MANNER OF OCCURRENCE OF THE ELEMENTS 




INTRODUCTION 


T HE general principles governing the abundance of the elements 
and nuclides and their manner of occurrence were discussed in 
Part I of this book. The basis of the discussion was formed by the 
specifications presented in the introductory chapter dealing with the 
definition of geochemistry. Part II deals more specifically with the 
manner of occurrence and distribution of the elements in the three up- 
permost geospheres and, as far as possible, in the Earth’s interior. 
The upper lithosphere, as governed by the geochemical laws and 
rules already presented, forms one of the most important subjects 
of this study. 

If a survey of the geochemistry of an element is carried out, certain 
of its basic features must be explained and fundamental information 
concerning its manner of occurrence and distribution collected. Ac- 
cording to the principles presented in the introductory chapters, the 
questions of essential importance for the geochemistry of an element 
are the following: 

1. The manner of occurrence of the element in the geochemical 
spheres of the Earth 

2. Its general geochemical character 

3. Its manner of occurrence in mineral structures 

4. Its course during the normal crystallization of magmas (endogenic 
differentiation) 

5. Its role in the processes of decomposition, transportation, and re- 
deposition of matter during the cycle of weathering (exogenic dif- 
ferentiation) 

6. Its abundance, particularly in the uppermost part of the silicate 
crust of the Earth 

In addition, the manner of occurrence and abundance of the ele- 
ment in meteorites is commonly discussed and, likewise, its role, if 
any, in metamorphic phenomena and its concentration in mineral 
deposits of economic importance. 

All these questions dealing with the geochemical characterization 
of the elements have been already discussed in Part I of this book. 
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However, the main emphasis was there laid on rules of general char- 
acter, and the specific geochemical features of the elements were not 
examined. In the following chapters the general principles will re- 
ceive less attention, whereas the individual geochemical character 
of each element will be emphasized. 
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HYDROGEN 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

H YDROGEN is geochemically a lithophile, atmophile, and bio- 
phile element. Its cosmic abundance is high. Methane, in a 
large excess of hydrogen, is present in the atmospheres ol the giant 
planets. In addition, small amounts of ammonia are found in the 
atmospheres of Jupiter and Saturn. Internally, the giant planets con- 
sist of a core surrounded by a layer of ice and another consisting of 
highly compressed hydrogen (see chap. 9). According to the values 
given in Table 2.3, the atomic abundance of hydrogen in the Sun’s 
atmosphere is nearly nine hundred times as high as that of silicon and 
approximately thirty times as great as that of oxygen, since more 
than 80 per cent of the atoms in the solar atmosphere consists of hy- 
drogen. Russell (1933) estimates that hydrogen in stellar atmos- 
pheres is about one thousand times as abundant as all the metals to- 
gether. Hydrogen is the all-important source of stellar energy, which 
is released by the transmutation of protons into helium nuclei (see 
chap. 2). The abundance of hydrogen is probably less in stellar in- 
teriors than in stellar atmospheres. According to Biermann (1943), 55 
per cent of the total mass of the Sun consists of hydrogen, whereas 
34 per cent consists of carbon, nitrogen, oxygen, fluorine, and neon, 
11 per cent of helium, and only about 0.5 per cent of metals. Unsold 
(1947) found the II : He ratio in a solar prominence as 5:1, or similar 
to that present in many stars. The study of the star r Scorpii by Un- 
sold (1941) gave the following composition by weight: hydrogen, 57 
per cent; helium, 40 per cent; all other elements, 3 per cent. As in 
stellar atmospheres, hydrogen is by far the most abundant element in 
planetary nebulae and in interstellar space also. Hydrogen com- 
pounds are recorded in the spectra of comets and found among the 
gases contained in meteorites. It is evident that the cosmic abun- 
dance of hydrogen is very decidedly higher than its terrestrial abun- 
dance. 
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The high cosmic abundance of hydrogen led Kuhn and Rittmann 
(1941) to the assumption that the Earth’s interior, contrary to the 
commonly adopted views, does not consist of nickel-iron, being com- 
posed, instead, of undifferentiated solar matter, i.e., mainly of hydro- 
gen (see chap. 3). According to this assumption, the content of hy- 
drogen in the Earth’s interior should be materially higher than in the 
surface layers, that is, in the lithosphere, hydrosphere, and atmos- 
phere. However, the hypothesis of Kuhn and Rittmann is, so far, not 
generally accepted. 

No figures were given in Table 2.3 for the content of hydrogen in 
igneous rocks and in meteorites. Although the amount of hydrogen 
present in the hydrosphere and atmosphere can be calculated — the 
hydrogen found in the hydrosphere constitutes approximately only 
0.003 per cent of the Earth’s mass — the estimation of the terrestrial 
abundance of hydrogen is associated with considerable difficulty 
(Goldschmidt, 19376). The water in a magma is never totally con- 
tained in the primary results of magmatic crystallization, i.e., igneous 
rocks, but is removed, to a large extent, during the later stages of 
crystallization. Moreover, a part of the water present in igneous 
rocks is indisputably of secondary origin, being incorporated with the 
rocks in metam orphic phenomena of various kinds. This is true also 
in the case of un weathered- and unaltered-looking rocks. When ana- 
lyzing minerals and rocks, two different water determinations are 
usually carried out, viz., that of combined water (H 2 0+) and that 
of hygroscopic water (H 2 0 — ). The latter escapes by heating to ap- 
proximately 110° C., whereas the former can be expelled only by 
heating well above this temperature. It is evident that H 2 0 + is an 
essential constituent of the structures of minerals, being partly genu- 
ine magmatic water and partly of metamorphic origin, whereas 
HoO— is adherent hygroscopic moisture of secondary origin. 

Up to 10 per cent water has been found in volcanic glass. The aver- 
age H 2 0 percentage of igneous rocks, as given by Clarke and Wash- 
ington ( 1924 ; see Table 2 . 1 ), is 1 . 15 , and the corresponding percent- 
age of hydrogen is 0 . 13 . However, owing to reasons discussed above, 
this value cannot be used when estimating the abundance of hydro- 
gen in igneous rocks. The conclusion follows that a satisfactory value 
of the abundance of this element in the upper lithosphere cannot be 
deduced. As to the meteorites, they contain almost no water, and 
only in rare instances are some of them found to carry hydrogen, both 
free and combined, to form methane and hydrogen sulfide. 
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HYDROGEN IN IGNEOUS ROCKS 

During the magmatic differentiation, water and the other easily 
volatile compounds become notably enriched in the residual “melt 55 
toward the end of the process. During the pegmatitic stage and, more 
especially, the pneumatolytic and hydrothermal stages, water is con- 
centrated to such a degree that the residual melt has the character 
of an overheated aqueous solution. It is also known that during the 
early stages of crystallization the volatile constituents, particularly 
water, may affect the course of the process. As was pointed out in 
chapter 5, very great and extraordinarily small water content in a 
magma will pronouncedly change the course of crystallization, 
whereby the order of separation of the minerals from magma partly 
follows another course from that in the normal differentiation by 
crystallization. 

The part of water which is not combined within the rocks during 
magmatic differentiation is separated out from the magma and wells 
as the main constituent in volcanic emanations, making up as much 
as nearly a hundred per cent of the volume of the fumarole gases. The 
volcanic emanations contain, in addition, other hydrogen com- 
pounds. According to Zies (1929), the steam emitted in 1919 by the 
fumaroles in the Valley of Ten Thousand Smokes in Alaska con- 
tained, on an average, 0.117 per cent (by volume) HC1, 0.032 per 
cent HF, and 0.029 per cent H 2 S. Here considerable surface water 
was added to the emanations as steam, and the average percentage, 
by volume, of water vapor in the fumarolic gas was 99.65. 

No calculations have been carried out dealing with the proportion 
of the original water content of magmas remaining in primary igne- 
ous rocks. The amount set free by volcanic emanations is accordingly 
not known with any definite certainty. At any rate, it is evident that 
during the geological history of the Earth the juvenile waters have 
provided a certain increment to the water in the hydrosphere. How- 
ever, the estimates concerning the amount of juvenile water are 
rather uncertain, and the conclusion is apparent that no reliable 
value can be given to show the amount of water in the upper geo- 
chemical spheres of the Earth. 

Hydrogen is found to be combined in the mineral structures in four 
basically different ways : 

1. Hydrogen is combined with oxygen to form independent hy- 
droxyl groups. The radius of the OH~ ion is similar to that of the 
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0 2 ~ ion because the H + ion does not possess electrons and conse- 
quently needs practically no space in the structure. As was presented 
in chapter 5, the bond depends on the polarization of the cation, be- 
ing either ionic bond or covalent hydroxyl bond or hydrogen bond. 
In any case the OH - ion forms an essential constituent of the struc- 
ture, and it cannot be removed without the collapse of the structure. 
The structures of the amphiboles and the micas are given as examples 
of this group (see Figs. 5.8 and 5.14). 

2. Hydrogen is combined with oxygen to form water molecules. 
These are, as such, independent constituents of the structure. Like 
other such constituents, they occupy well-determined structural po- 
sitions and consequently cannot be removed without breaking down 
the structure. Gypsum, Ca[S0 4 ] -2H 2 0, is an example of this group. 

3. The water molecules are only loosely combined within the struc- 
ture and may be removed by heating, wuthout damage to the struc- 
ture. The water molecules occupy more or less fixed positions in the 
structure, not, however, being essential to its existence. The zeolites 
and montmorillonite afford examples of this group (see Fig. 5.18). 

4. Hydrogen occurs as independent H+ and H" ions. The former 
are found, for example, in certain salt minerals, and the latter occur 
in hydrides. This manner of occurrence of hydrogen is quantitative- 
ly of minor importance as far as the upper lithosphere is considered. 
How r ever, the hydrides may perhaps have played a role during the 
early stages of the geochemical evolution of the Earth. 

The rocks also contain hydrogen as water in inclusions and in their 
pore space. 

HYDROGEN AND ITS CYCLE IN THE HYDROSPHERE 
AND ATMOSPHERE 

By far the greatest part of hydrogen present in the outermost geo- 
spheres occurs as water in the hydrosphere. Water and ice are, as a 
matter of fact, the only important hydrogen minerals. Compared 
with water, all other occurrences of hydrogen are rather unimpor- 
tant. A conservative estimate by Goranson (1931) of the amount of 
water in the oceans, seas, on the land surface, and bound up in sur- 
face rocks gives 1.64*10 1S tons, or 16,400 Gg. The free hydrogen re- 
leased by volcanic emanations and produced in the biosphere, as well 
as the other hydrogen-bearing constituents of the atmosphere, such 
as hydrogen peroxide, methane, and ammonia, are of minor impor- 
tance in the geochemistry of this element. 
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Water plays the most important role in the geochemistry of hy- 
drogen. The cycle of water was discussed by Meinardus (192£). 
There exists a continual exchange of water between the atmosphere, 
the surface of the Earth, and the hydrosphere. The water may evap- 
orate from the sea and return thereto as rain water; it may evaporate 
from the land surface and return as precipitation; or it may evapo- 
rate from the sea, fall as rain on the land surface, and return to the 
sea as surface water. The cycle of water is of high geochemical im- 
portance because it is part of the processes of weathering, transpor- 
tation, and redeposition of matter on the Earth’s surface and because 
water also forms the fluid phase in which the deposition of matter 
takes place (see chaps. 5, 6, and 7). In addition, water as such or ac- 
tivated by dissolved substances attacks minerals chemically and de- 
composes them. According to Goldschmidt (1933, 19376), the total 
water content of the hydrosphere is 282.7 kg per square centimeter 
of the Earth’s surface. During the geological history of the Earth, 
160 kg -cm -2 igneous, sedimentary, and metamorphic rocks have 
been weathered, with the resulting formation of 155 kg -cm” 2 re- 
sist ates and hydrolyzates. Much water is bound within these sedi- 
ments during their formation. Goldschmidt estimates this amount as 
approximately 6 kg -cm- 2 , which corresponds to about 2.2 per cent 
of the total quantity of water in the hydrosphere. It is thus evident 
that notable amounts of water are transferred during the disintegra- 
tion of rocks and the formation of sediments into the products gen- 
erated; and this phenomenon counteracts the volcanic emanations, 
which work toward the increase of the quantity of water in the hy- 
drosphere. Some water is also liberated during the solution of hy- 
drous minerals, e.g., gypsum, and in some metamorphic processes. 
Whether or not these two opposite processes counterbalance each 
other, i.e., whether there is an increase or a decrease in the amount of 
water in the hydrosphere, is a question which cannot, so far, be defi- 
nitely answered. According to the opinion of Goldschmidt (19376), 
the present hydrosphere was formed mainly during the geological 
history of the Earth, and the amount of juvenile water given off by 
magmas is notably in excess over the amount of water bound during 
weathering and water-consuming metamorphic processes. Conse- 
quently, the quantity of water in the hydrosphere will gradually in- 
crease (see also chap. 10). 

# The hydrogen ion, H + , the most electropositive and mobile of all 
ions, is present in all aqueous solutions. Geochemically, the most im- 
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portant property of water is the fact that all salts dissolved in water 
are dissociated into ions. The presence of water also causes certain 
metals to occur in the native state during their exogenic cycle, 
whereas other metals react with water and become separated from 
aqueous solutions in the form of hydroxides, oxides, or sulfides. A 
measure of this property is the normal potential of the metal in 
question. 

The affinity of hydrogen for oxygen is very high. Consequently, the 
amount of free hydrogen in the atmosphere is kept small. The low 
density of hydrogen, in addition, is responsible for the migration of 
hydrogen toward the upper layers of the atmosphere, where it, like 
helium, is removed by dissipation into the interplanetary space (Rus- 
sell and Menzel, 1933; see chap. 7). Thus the hydrogen produced by 
the volcanoes and in the biochemical processes is removed from the 
atmosphere, unless it is combined with oxygen by electrical dis- 
charges and forms water on the lower levels in the atmosphere. It is 
probable that during the earlier stages of the evolution of the Earth 
the primordial atmosphere contained more hydrogen than the pres- 
ent one does. This primary hydrogen, however, has evidently long 
since escaped from the gravitational field of the Earth. 

HYDROGEN IN THE BIOSPHERE 

The pronouncedly biophile character of hydrogen is displayed in 
the fact that this element is inferior only to oxygen and nitrogen in 
biological importance. Free hydrogen is formed as an end-product of 
cellulose fermentation, but this process seems to be the only instance 
in which molecular hydrogen enters the more important biological 
processes. Water makes up 60-80 per cent of all tissues. Hydrogen 
peroxide, H 2 0 2 , is found as an intermediate reactant in biological 
systems, and ammonia, NH 3 , is of importance in the biological cycle 
of nitrogen. 

Hydrogen in various organic compounds is present in all organic 
systems existing in the biosphere and in most bioliths. Petroleum and 
natural gas are the most important hydrogen-bearing sediments be- 
longing to this class. They were discussed in chapter 8. 

DEUTERIUM 

The heavy isotope of hydrogen, deuterium, has an average terres- 
trial abundance of 0.02 per cent against the percentage of 99.98 of the 
light isotope. The presence of deuterium has not been established in* 
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the Sun, and hence its solar abundance must be very low. As to the 
Earth, deuterium is believed to concentrate in natural gas and petro- 
leum hydrocarbons. The variations in the density of natural waters 
are due both to the variations in the content of the oxygen isotopes 
O 16 , O 17 , and O 18 and to the variations in the hydrogen isotopes. How- 
ever, according to Wirth, Thompson, and Utterback (1935), deu- 
terium oxide is relatively enriched in the surface layers of the sea, 
owing to evaporation of sea water, and the density of sea water is 
somewhat higher than that of fresh water (see chap. 27). 
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THE ALKALI METALS: LITHIUM, SODIUM, 
POTASSIUM, RUBIDIUM, CESIUM 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

T HE five alkali metals have stable isotopes which occur in Na- 
ture. Francium (AcK) , with the atomic number 87, is known 
only as an unstable disintegration product of actinium (see chap. 46). 
The alkali metals form a chemically rather coherent group in the 
Periodic System, and in this respect they differ from many other 
groups of elements. The uniform valence of the alkali metals, all of 
which form univalent positive ions ; the strongly basic nature of their 
hydroxides; and the ready solubility and volatility of most of their 
compounds are properties which are either totally absent in other 
groups of elements or, if present, are displayed by only a few mem- 
bers of such groups. 

Two of the alkali metals, viz., sodium and potassium, belong to the 
main constituents of the upper lithosphere. Rubidium is one of the 
most abundant trace elements therein, but lithium and particularly 
cesium are rare. Like its neighbors in the Periodic System, beryllium 
and boron, lithium is scarce in cosmic matter also (see chap. 2). 

The abundance of the alkali metals is presented in Table 12.1. Al- 
though no direct determinations are at hand, the content of the al- 
kali metals in the meteoritic irons and in troilites must be negligible. 
The values recorded in Table 12.1 are from the following sources: Li 
in silicate meteorites, Rb and Cs in igneous rocks from Goldschmidt 
(19376); Na and K in silicate meteorites from Merrill (1916), recal- 
culated by Goldschmidt (19376); Rb and Cs in silicate meteorites 
from Noddack and Noddack (1930) ; Li in igneous rocks from Strock 
(1936); Na and K in igneous rocks from Clarke and Washington 
(1924). 

A determination of the average lithium content of igneous rocks 
by Ltftidegardh (1946) gave 60 g/ton, in full agreement with the 
value given in Table 12.1. 
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As regards their general geochemical character, the alkali metals 
are very strongly lithophile. In the Earth they are evidently almost 
completely absent in the inner geochemical shells. In the lithosphere 
they are strongly enriched in the Sial crust, and they are all pro- 
nouncedly oxyphile. In the Sima layer their content is considerably 
lower than in the Sial crust, as may be concluded from the analyses 
of silicate meteorites. 

Along with their absolute abundance, their relative abundance 
also varies in the different layers of the lithosphere. The values given 
in Table 12.1 show that the Na:K ratio in igneous rocks is 1.09:1, 
whereas in the silicate meteorites the ratio is 3.85:1. Consequently, 
the Sima layer, the closest counterpart of which are the silicate mete- 


TABLE 12.1 

Abundance of Alkali Metals 


Material 

Li 

Na 

K 

Rb 

Cs 

g/ton 

Iron phase of the meteorites 
Sulfide phase of the meteorites 
Silicate phase of the meteorites 
Igneous rocks 

unknown 

unknown 

5 

65 

1 

unknown 

unknown 

7,700 

28,300 

unknown 

unknown 

2,000 

25,900 

unknown 

unknown 

4 5 
310 

unknown 

unknown 

0.1 

7 


orites, contains, on an average, nearly four times as much sodium as 
do the igneous rocks, i.e., potassium is impoverished by a factor of 4. 
Also lithium, rubidium, and cesium show a similar impoverishment, 
and the effect is most pronounced in the case of rubidium. 

The alkali metals, with the exception of cesium, are present in the 
solar atmosphere. 

The potassium isotope, K 40 , and the rubidium isotope, Rb 87 , are 
radioactive. The former is the least abundant of the three potassium 
isotopes; its abundance is only 0.012 per cent. The rubidium isotope 
is rather abundant (27.2 per cent) and has a half-life of 6.3 TO 10 
years and decays into Sr 87 (see chap. 15). No significant differences 
are found in the K 40 content of potassium from animal, vegetable, 
and mineral sources. Likewise, there is no material difference in the 
proportion of K 40 in terrestrial and meteoritic potassium (Schumb, 
Evans, and Leaders, 1941). 

The isotope K 40 has two stable isobars, viz., A 40 and Ca 40 . The de- 
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cay into Ca 40 explains the normal /3-activity of K 40 . Electrons are re- 
leased in this process, as follows: 

K 40 — * Ca 40 + e ~ . 

The production of A 40 from K 40 is also possible, but, according to 
Suess (1948), it is most likely that only 0.5-10 per cent of the decay- 
ing K 40 is converted into argon. In any case the high abundance of 
A 40 in the atmosphere is the result of the decay of K 40 (see chap. 45). 

Cook (1943), in a study dealing with the K 39 :K 41 ratio in certain 
Pacific seaweeds, fossils, and rocks of different geological age, did not 
find any measurable differences in the potassium isotope ratio. 

TABLE 12.2 

Content of Lithium in Igneous Rocks 

Rock 

Dunite, eclogite (Strock, 1936) 

Anorthosite (Strock, 1936) 

Pyroxenite (Strock, 1936) 

Traps, Deccan, composite (Strock, 1936) 

Gabbros, Germany, composite (Strock, 1936) . 

Andesites, composite (Strock, 1936) 

Granites, Germany, composite (Strock, 1936) . 

Granites, Saxony (connected with pneumatolytic ac- 
tivity), composite (Strock, 1936) 

Greisen rocks, Erzgebirge, Germany, composite (Gold- 
schmidt, Berman, Hauptmann, and Peters, 1933) . 

Liparites, Italy, composite (Strock, 1936) 

Nepheline syenites, composite (Strock, 1936) 

Phonolites, composite (Strock, 1936) 

Basic rocks (Lundeg&rdh, 1946) 

Acidic rocks (Lundeg&rdh, 1946) 

LITHIUM IN IGNEOUS ROCKS 
The lithium content of the various classes of igneous rocks is pre- 
sented in Table 12.2. The values show that lithium tends to become 
enriched in the latest products formed during the crystallization of 
a magma, particularly in granitic rocks. However, the degree of en- 
richment does not increase regularly as, for example, in the case of 
sodium. The granites contain around one hundred times as much 
lithium as do the early crystallates. Lithium is enriched also in sye- 
nites and nepheline syenites, but in these rocks the degree of enrich- 
ment is lower than in the granites. Magmatic sulfides are totally de- 
void of lithium. 

In a certain respect lithium departs very pronouncedly from the 
other alkali metals, viz., in its reluctance to enter the feldspar struc- 
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Li 

(g/ton) 

2 3 
0 9 
0.7 
7.4 
9.7 
15.2 
179.4 

460-690 

1,380 

33.6 
23.5 

31.7 
75 
70 
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tures. The potash feldspars and the plagioclases formed during the 
main stage of crystallization usually are devoid of lithium, and, in 
spite of the fact that this metal often forms independent minerals in 
pegmatites, it has never been found to form a feldspar therein. 
Ahrens (1945) found that a content higher than 5 g/ton Li in a feld- 
spar is exceptional; but Hess (1940) reports as much as 1.2 per cent 
Li in microcline from spodumene pegmatites. 

The distribution of lithium among the various rock-making min- 
erals is illustrated by an analysis of ditroite and its minerals (Strock, 
1936), given in Table 12.3. The values presented therein show that 
the light constituents, viz., the feldspars, nepheline, etc., are very 
poor in lithium and that it is enriched in the dark constituents, which 
is the general rule governing the distribution of lithium in the min- 
erals of igneous rocks. Schiebold (1931) has shown that lithium, for 

TABLE 12.3 

Content of Lithium in Ditroite from Bratholmen, 

Norway, and in Its Minerals 

Material (g/ton) 

Ditroite 506 

Light constituents (90 per cent of the rock) ... 46 

Mica (5 per cent of the rock) 2 , 300 

Amphibole and pyroxene (5 per cent of the rock) 1,610 

thermochemical reasons, cannot form a feldspar structure. If the 
chemical composition of a lithium-bearing melt or solution allows the 
formation of a lithium feldspar during the crystallization, the lithium 
pyroxene spodumene, LiAl[Si 2 0 6 ], or petalite, (Li,Na)[AlSi 4 Oi 0 ], will 
crystallize instead. The former resembles feldspars in composition, 
but the latter is a tectosilicate, which, however, differs from the feld- 
spars in its structure. 

Lundegardh (1946) suggests that Li + is able to replace Al 3+ in the 
plagioclase structure. 

With reference to the co-ordination number, lithium differs totally 
from the other alkali metals. In lithium micas the Li + ion does not 
occupy a structural position similar to that of the K + ion (see chap. 5) 
but replaces Al 3+ and Mg 2+ in the structure. In spodumene, 
LiAl[Si 2 0 6 ], lithium forms [LiO e ] groups, being thus 6-co-ordinated, 
whereas in diopside, CaMg[Si 2 0 6 ], the corresponding Ca-0 group is 
[Ca0 8 ]. In cryolithionite, Na 3 Al 2 [LiF 4 ] 3 > the co-ordination number of 
lithium is 4. 

According to Landergren (1948), most pre-Cambrian iron ores and 
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associated rocks in Sweden show a strong deficiency in lithium. This 
is a very remarkable observation because it would be reasonable to 
assume that Li+, which replaces Mg 2+ in femic minerals, would be 
enriched in these ores, which are rich in both magnesium and iron. 
Landergren uses this result to show that the iron ores of central 
Sweden cannot be of primary igneous origin. 

The strong enrichment of lithium in micas, amphiboles, and py- 
roxenes during the course of the crystallization of a magma must be 
emphasized. As pointed out above, Li + (radius 0.78 kX) replaces 
Mg 2+ (radius 0.78 kX) in minerals; both ions are 6-co-ordinated in 
silicate structures. Thus magnesium, because of its high abundance, 
acts as the protective element of lithium. Strock (1936) suggested 
that the replacement is possible only when the electrical balance of 
the structure is maintained by the introduction of a trivalent 6-co- 
ordinated cation, according to the equation 

2Mg 2+ ^Li+ + R 3 +. 

Among the trivalent cations, only Fe 3+ is sufficiently abundant in 
rocks and is consequently introduced into the structure. Strock ex- 
plained the increase in the lithium content during the progressive 
differentiation as a result of the Fe 3+ :Fe 2+ ratio. However, as pointed 
out by Wickman (1943), the Fe 3+ content does not materially change 
during the differentiation, because the Fe 3+ ion is so immobile that 
it will become incorporated in a suitable mineral structure under any 
conditions. On the other hand, the Fe 2+ content decreases during the 
differentiation, partly owing to oxidation to Fe 3+ , and this process is 
mainly responsible for the change in the Fe 3+ : Fe 2+ ratio. The F-value 
of Li + is small, evidently much smaller than that of Mg 2+ , and there- 
fore lithium is incorporated in the structures at high temperatures 
only in a limited quantity; but with decreasing temperature an in- 
creasing amount of Li + ions becomes sufficiently immobile to par- 
ticipate in crystallization. 

Another point of importance is that during the replacement of 
Mg 2+ by Li+ the structure suffers a loss in energy. When the Li + ion 
with a lower charge than Mg 2+ is admitted, the bonds in the structure 
become weakened. Therefore, no considerable replacement can take 
place until a relatively low temperature has been reached, i.e., toward 
the later steps in the main stage of crystallization. It is thus evident 
that the dark magnesium minerals of the granites, especially the 
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micas, will be the richest in lithium. It has long been known that 
lithium-rich micas occur in greisen and in granite pegmatites. Hess 
(1940) reports 0.4 per cent Li in muscovite and 0.5 per cent in biotite 
from a granite in the neighborhood of spodumene pegmatites in 
North Carolina in the United States. Biotite in the country rock 
(schist) penetrated by the pegmatites contains 1.5 per cent Li. The 
average content of lithium in micas is presented in Table 12.7. 

In nepheline syenites, lithium is also contained in the salic sodium- 
bearing silicate minerals, particularly in nepheline. In the nepheline 
syenite minerals the enrichment of lithium is less pronounced than 
in the minerals of the granites. Among the dark constituents of basic 
rocks the orthorhombic pyroxenes, according to Strock (1936), are 
low in lithium, whereas in the monoclinic pyroxenes the content is 
higher, and probably still higher in amphiboles. The lithium content 
of monoclinic pyroxenes increases continually during the course of 
differentiation, along with the decrease in Mg 2+ and the inci-ease in 
Fe 3+ in these minerals. Lundegardh (1946), however, concludes that 
the Li content is not a function of the Mg content; and, according to 
Landergren (1948), Strock’s conclusions are valid only in pure frac- 
tional crystallization when no external material has been added. 

Lithium, along with fluorine, chlorine, phosphorus, and manga- 
nese, is often enriched so strongly in granite and nepheline syenite 
pegmatites that it forms independent minerals. These minerals in- 
clude cryolithionite, Na 3 Al 2 [LiF 4 ] 3 ; triphylite, Li(Fe 2+ ,Mn 2+ )[P0 4 ] ; 
lithiophilite, Li(Mn 2+ ,Fe 2+ )[POJ; amblygonite, LiAl[(F,OH) | P0 4 ] ; 
petalite, (Li,Na)[AlSi 4 Oi 0 ]; spodumene, LiAl[Si->0 6 ], and its alteration 
product, eucryptite, Li[AlSi0 4 ]; the lithium micas lepidolite, zinn- 
waldite, and cookeite; lithium tourmaline; the very rare lithium am- 
phibole holmquistite; and still others. The pegmatite minerals am- 
blygonite (8-10 per cent Li 2 0), spodumene (4.5-7.5 per cent Li 2 0), 
and lepidolite (3-10 per cent Li 2 0) are an important industrial source 
of lithium; but more than half the world’s total lithium supply is ob- 
tained from Searles Lake in California in the United States (see 
chap. 6). 

According to BjjzSrlykke (1937), the absence of lithium is charac- 
teristic of Norwegian granite pegmatites. This observation affords 
proof of the regional behavior of lithium. 

The minerals which crystallize from late hydrothermal solutions, 
e.g., zeolites, are usually low in lithium. 
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CYCLE OF LITHIUM 

In the processes of weathering and sedimentation lithium follows 
the course of magnesium. The geochemical balances presented in 
Table 6.19 show that lithium, unlike sodium, is incorporated in 
marine hydrolyzate sediments. The Li: Mg ratio in hydrolyzates, 
marine oxidates, and limestones is of approximately the same magni- 
tude as in igneous rocks. In sea water the ratio is different: 

Li: Mg 

Igneous rocks 0 .0034 

Sea water 0 .00008 

The above values are based on those presented in Tables 2.3 and 6.17- 
They show that in sea water the degree of impoverishment of lithium 
in regard to magnesium is about forty-three times. This ought to 

TABLE 12.4 

Content of Lithium in Sediments and Their Derivatives 

Material /„M_\ 


Sandstones (calculated from Strock, 1936) . . 17 

Laterite-bauxite ores (Landergren, 1948) <5 

Bog iron ores, Finland (Landergren, 1948) 10 

Shales (calculated from Strock, 1936) 46 

Marine oolitic-siliceous iron ores (Landergren, 1948) 120 

Marine siderite ores (Landergren, 1948) 100 

Red clay (Strock, 1936) . 78 

Manganese nodule (Strock, 1936) 55 

Glauconite (Strock, 1936) 161 

Limestones, minimum (calculated from Strock, 1936) .... 26 


imply a corresponding enrichment of lithium in marine hydrolyzates, 
contrary to the behavior of magnesium. However, only insignificant 
amounts of salts are dissolved in sea water, compared with the grand 
total of sediments, and therefore the enrichment of lithium cannot 
be very considerable. Some lithium is present in evaporate sediments, 
e.g., in halite, in which it replaces sodium in small quantities. 

The content of lithium in sediments and their derivatives is pre- 
sented by the analyses in Table 12.4. The values show that in marine 
iron ores and in deep-sea sediments the content of lithium is higher 
than the average content in hydrolyzates. 

Thermal waters often contain notable quantities of lithium, 
leached out as the easily soluble chloride, LiCl, from rocks penetrated 
by the waters. The origin of this metal is similar in mineral waters, 
which carry it as a frequent constituent. 

In metamorphic processes lithium seems to follow magnesium. 
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SODIUM AND POTASSIUM IN IGNEOUS ROCKS 

With the exception of villiaumite, NaF, which is found only in the 
cavities of nepheline syenite from the Los Archipelago in French 
Guinea, the alkali metals do not form any simple compounds in ig- 
neous rocks. They are present only in complex compounds, formed 
together with other metals. This fact is caused by the high solubility 
of their simple salts. Sodium and potassium occur only as univalent 
cations with radii of 0.98 and 1.33 kX, respectively. Consequently, 
they require considerable space in mineral structures. The co-ordi- 
nation numbers of these cations are therefore necessarily high, and 
the interatomic forces binding sodium and potassium in mineral 
structures cannot be very strong. Their FJ-values are low, and conse- 
quently they become readily enriched in residual melts and solutions 
during the magmatic differentiation. All alkali metals are either to- 
tally absent in the early erystallates or present only in small 
amounts. 

The average mineralogical composition of igneous rocks must be 
considered, in order to comprehend fully the manner of distribution 
of sodium and potassium therein. According to Clarke (1924; see 
Table 5.16), about 60 per cent of the minerals of igneous rocks con- 
sist of feldspars. Because the minerals of this group either are pure 
alkali feldspars or nearly always contain varying amounts of the al- 
kali components, the bulk of sodium and potassium in igneous rocks 
must be found in the feldspars. 

Among the alkali feldspars, the potash feldspars, KjAlSLOs], are 
minerals peculiar to the last steps of the main stage of crystallization. 
In addition, they are characteristic of the late erystallates. According 
to the conditions prevailing during crystallization, there occurs either 
the triclinic form (microcline) or the monoclinic ones (orthoclase, 
sanidine, adularia). In a normal differentiation series considerable 
amounts of potash feldspar are not present until in granitic rocks. 
Only during the crystallization of very dry melts is potash feldspar 
formed during the earlier steps of the main stage. The soda feldspar 
albite, Na[AlSi 3 0 8 ], on the other hand, has already begun to separate 
at the beginning of the main stage of crystallization as isomorphic 
mixtures with anorthite (the plagioelase feldspars). The formation of 
plagioclase still continues during the late stages of crystallization. 
However, the composition of plagioclase changes gradually during 
the differentiation from labradorite, which is rich in the anorthite 
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component, to oligoclase, rich in the albite component. The content 
of sodium reaches a maximum in granites and nepheline syenites. 
This is the principal reason for the change in the Na:K ratio during 
the main stage of crystallization. The content of potassium increases 
in relation to sodium, as is shown by the Na:K ratios, calculated 
from Daly’s (1933) averages (see Table 5.32), given in the accompany- 
ing tabulation. 

Rock Na.K 

Gabbros . .2.55 

Diorites 1 .43 

Granociiorites . . .1.20 

Granites 0.76 


In alkalic rocks potassium and sodium are present both in feld- 
spars and in feldspathoids, especially in nepheline, Na[AlSi0 4 ], and 
leucite, /S-KjAlSbCb] . They are also found as constituents of the al- 
kali pyroxenes and alkali ampkiboles, and a number of complex 
titanium and zirconium silicates (see chap. 21), but the geochemical 
significance of these minerals is small. Sodium is the more important 
of these alkali metals in the alkali amphiboles and pyroxenes. It is 
incorporated in these minerals if there is a definite excess of sodium 
over aluminum, and, consequently, all sodium does not become in- 
troduced into the feldspars. The greater ionic radius of potassium 
prevents the incorporation of notable amounts of this metal in the 
amphibole and pyroxene structures. 

Along with the feldspars and feldspathoids, the micas are impor - 
tant carriers of sod ium and p otassiuminim ieoiisjro cks. According to 
Clarke (1924; Table 5.16), the average content of biotite in igneous 
rocks is 3.8 per cent. The analyses of Chirvinsky (Table 5.28) show 
that the average content of Na 2 0 + K 2 0 in muscovite from granites 
is 11.79 per cent and in biotite from like rocks, 9.14 per cent. Conse- 
quently, notable amounts of the alkalies are found in the micas. 


There IsJhowever, a geochemically important d iff erence bet ween the 
manner of occurrence of sodium and notassium inleldspars_ixnd in 


micas. In the feldspar g rou p soda feldspar is about as abundant as 
potash fe l dspar . In the mica group, on the contrary, the sodium mica 
( paragonite) is compar.a livelw.rare and there fore does not have much 
f geochemical importancgrAfTcomnibn and important micas a.repptas^ 


sium minerals. 


jnem, biotite an d muscovite 


qnain cons tituen ts o f igneous rocks . They are formed chiefly during 
the last steps of the main stage of^ystallizati<^^ occur also 
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j among the late crystallates. However, biotite may form at an earlier 
'|stage if the water content of the magma is very high. 

Sodium and potassium also occur in igneous rocks in a large num- 
ber of minerals of minor geochemical importance. Some more notable 
species are cryolite, Na 3 [AlF 6 ]; a number of halogenides also contain- 
ing other cations; the minerals of the scapolite group; and the various 
zeolites. 


CYCLE OF SODIUM AND POTASSIUM 

During the weathering, some silicate minerals, for example, the 
alkali feldspars, leucite, and actinolite, are completely dissolved. 
Sodium and potassium released during the weathering remain in 
ionic solution, whereas aluminum reacts with silica to form clay min- 
erals, and also perhaps to form muscovite with a part of the potassi- 
um. The weathering of the micas may be different: often only potas- 
sium is extracted from the structure, but a small part of it remains 
in the aluminosilicate framework, from which the clay minerals in the 
hydrolyzate sediments are built up. Sodium and potassium are car- 
ried into the sea by rivers and streams. They may remain in the 
weathering residue only in arid regions. 

During their cycles sodium and potassium, however, follow differ- 
ent courses. The differences in their behavior during the migration 
are illustrated by the values presented in Table 12.5. The percentages 
are taken or calculated from Tables 2.3 and 6.7 and from Clarke 
(1924; Table 5.52). 

Because sodium is extracted from rocks during the weathering, its 
absolute amount decreases in the hydrolyzate sediments which are 
formed as the result of chemical decomposition. Potassium, on the 
other hand, goes first into solution but does not remain dissolved: it 
is largely adsorbed by, and even enriched in, clays, as the Na:K 
ratios of Table 12.5 show. It has also been suggested that the differ- 
ence in the behavior of sodium and potassium during the weathering 
is caused by the greater resistance of potash feldspar as compared 
with that of the plagioclase feldspar, which causes an initial accumu- 
lation of potassium (and barium) in potash feldspar during the de- 
composition of plagioclase. The explanation has further been offered 
that much potassium is utilized by plants and thus removed from the 
cycle in the form of relatively insoluble organic compounds. How- 
ever, the separation of sodium and potassium during weathering also 
takes place without plants, and therefore the sorption phenomena 
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evidently are the most important factor of separation during the 
later stages of weathering and the accumulation of sediments. 

In igneous rocks the average content of sodium is somewhat higher 
than that of potassium, but the difference is small. In lake and river 
waters, which are the first link in the journey of the dissolved salts 
toward the sea, potassium is already notably impoverished in regard 
to sodium. In sea water only a small part of the originally dissolved 
potassium remains in solution, which now shows a strong predomi- 
nance of sodium. It is thus evident that the adsorption of potassium 
in clays or the formation of new potassium-bearing mica-like min- 
erals starts as soon as this metal goes into solution during the weath- 
ering. The adsorption is completed in the sea. Table 12.5 shows that 


TABLE 12.5 

Content of Sodium and Potassium and the 
N a:K RATIO IN THE MINOR CYCLE 


Matehial 

Na 

K 

Na:K 

Per Cent 

Igneous rocks 

2 83 

2 59 

1 09 

Dissolved solids in lake and river water 

5 79 

2 12 

2.73 

Dissolved solids in sea water 

30 62 

1 10 

27 84 

Argillaceous sediments (shales) 

0 97 

2 70 

0 36 


potassium predominates over sodium in argillaceous sediments. Po- 
tassium, with a greater ionic radius and a lower ionic potential than 
sodium, will also become adsorbed by colloidal manganese hydroxide. 
This fact explains the presence of potassium in many manganese-rich 
oxidates and in secondary manganese minerals (see chap. 31). 

The geochemical balances calculated in Table 6.19 show that only 
sodium, among the alkali metals, is thalassophile. 

The content of potassium in sea water is also affected by dilution 
with river water and by biological activity. Some marine organisms, 
particularly the large algae, accumulate potassium. Further changes 
are caused by reactions taking place between sea water and fine- 
grained detrital minerals, colloid particles, and clay minerals (hal- 
myrolysis). Some potassium is incorporated in glauconite and other 
potassium-bearing minerals, e.g., phillipsite and other zeolites formed 
in the bottom deposits. The formation of glauconite is referred to 
diagenetic changes of biotite (Galliher, 1939) or other parent-sub- 
stances, among others, organic matter (e.g., Takahashi, 1939). 
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As a result of weathering, transportation, and adsorption, the 
grand total of sodium now present in the sea is 62 per cent of the 
total quantity transported thereto during the geological evolution of 
the Earth. The corresponding percentage for potassium is only 2.4 
(see Table 6.19). Conway (1945) calculated that about 108 Gg potas- 
sium have been brought into the ocean by rivers during the geological 
history of the Earth. Of this amount, about 100 Gg have been re- 
moved in silicates, probably mainly in illite but also in glauconite and 
authigenic orthoclase. Conway (1943, 1945, 1947) also suggested that 
the rate of removal of potassium from the ocean has not been uni- 
form but reached a peak in or near the late pre-Cambrian. He as- 
signed the major role in the removal to illite but thought that after 
the Cambrian the removal by glauconite became increasingly signifi- 
cant and was dominant from the Mesozoic era onward. Conway 
(1947) further attributed the selective removal in illite to the fact 
that, among the four major hydrated cations (Mg 2+ , Ca 2+ , Na + , K+) 
in the ocean, potassium is the smallest, being the least hydrated. 
Such size differences, according to Conway, determine the relative 
rates of entrance of K + and Na + into cells and also the fact that K + 
becomes concentrated therein, whereas Na + circulates in the extra- 
cellular fluids. The process of potassium fixation in the marine hy- 
drolyzates releases an equivalent amount of H + ions, which have 
stabilized the pH of the ocean over a large fraction of its history. 

The transfer percentage of sodium shows that the bulk of all sodi- 
um dissolved during weathering accumulates in the ocean, where it 
will remain for long periods of geological time. This fact has led to the 
assumption that the salt content of ocean water has gradually in- 
creased, inasmuch as the dissolved solids consist chiefly of sodium 
chloride. The present salinity of the ocean is approximately 35 parts 
per thousand, but it is evident that lower values existed during the 
earlier periods of the Earth’s history. Some authorities have used 
this assumption to calculate the grand total of igneous and metamor- 
phic rocks which have weathered during the history of the Earth and 
the amount of the sediments formed by their disintegration. The 
calculations made by Goldschmidt (1933a) were presented in chap- 
ter 5. 

SODIUM AND POTASSIUM IN THE EVAPORATES 

Goldschmidt’s (1933) calculations dealing with the quantitative 
aspects of weathering and deposition (see chap. 5) do not consider the 
fact that part of the sodium originally transported into the sea has 
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been lost in the formation of evaporate sediments. The formation of 
evaporates also accounts for the further decrease of the content of 
potassium in sea water. However, the quantitative effect of this fac- 
tor on the calculations in question is not readily estimated. The quan- 
tity of sodium now present in sea water is known rather precisely, 
but no reliable estimate is available on the amount of sodium and 
potassium incorporated in the evaporates. The grand total of the 
evaporate sediments has never been calculated, and their average 
sodium and potassium content is not known with any reasonable cer- 
tainty. However, Goldschmidt (1933) thinks that the factor dis- 
cussed is quantitatively of minor importance and thus cannot sub- 
stantially affect the calculations. 

It is reasonable to assume that only a small part of all sodium and 
potassium transported into the ocean is now incorporated in the 
evaporate sediments. This part, even though small, is characteristic 
of the geochemistry of these metals. In addition, the evaporates and 
the concentrated brines of salt lakes are of high technical significance 
because they are the only important industrial sources of sodium and 
potassium. Some sodium chloride is also recovered by evaporating 
sea water. 

The most important salt minerals of sodium and potassium which 
seem to be capable of crystallizing directly from sea water are the 
following: 


1. Sodium Minerals 


Glauberite, 

Loeweite, 

Astrakanite (blodite), 

Vanthoffite, 

Mirabilite, 

Thenar dite. 

Halite, 

Tychite, 


Na 2 Ca[S0 4 ]2 

Na 2 Mg[S0 4 ] 2 -2|H 2 0 

Na 2 Mg[S0 4 J 2 -4H 2 0 

Na 6 Mg[S0 4 ] 4 

Na 2 [SO 4 ]*10H 2 O 

Na 2 [S0 4 ] 

NaCl 

Na*Mg 2 [S0 4 |(e0 3 ) 4 l 


2. Potassium Minerals 


Polyhalite, 

Syngenite, 

Schonite (picromerite), 
Langbeinite, 

Leonite (potassium astrakanite), 
Carnallite, 

Sylvite, 

Karaite, 


K 2 Ca 2 Mg[S0 4 ] 4 * 2H 2 0 

K 2 Ca[S0 4 ] 2 *H 2 0 

K 2 Mg[S0 4 ] 2 *6H 2 0 

K 2 Mg 2 [S0 4 ] 3 

K 2 Mg[S0 4 ] 2 * 4H 2 0 

KC1 * MgClo * 6H 2 0 

KC1 

KMg[Cl | S0 4 ] ■ 3H 2 0 
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The borate minerals of sodium and potassium which crystallize from 
closed basins are discussed in chapter 16 and the nitrate minerals in 
chapter 23. 

The marine evaporate minerals listed above are either sodium or 
potassium sails or double salts containing these metals. There are no 
salt minerals which show a notable degree of diadochic replacement 
of sodium by potassium, or vice versa. The pure potassium salt min- 
erals are remarkably poor in sodium, and the sodium minerals, as a 
rule, contain very little potassium. Thus the case is the opposite of 
that met in the silicate minerals of igneous rocks, in which these 
metals, notwithstanding the difference in their ionic size, afford ex- 
amples of a distinct, even though limited, diadochic substitution. 

The contrast between the behavior of sodium and that of potassi- 
um in the salt minerals and in igneous rocks is evidently due to the 
different temperatures at which the crystallization took place. At 
elevated temperatures the crystal structures expand, and the differ- 
ences in the ionic dimensions do not restrict the possibility of diad- 
ochic replacement as much as they do at lower temperatures, at 
which the structures are more rigid. Petrological evidence and labora- 
tory experiments afford ample proof of the ready miscibility of cer- 
tain components at high temperatures. Because the primary saline 
minerals of the evaporates have crystallized at rather low tempera- 
tures, the lack of the diadochic replacement between sodium and 
potassium in their structures becomes evident. 

Potassium and magnesium are typical of salt deposits of marine 
origin, particularly of those formed during the last stage of crys- 
tallization. The evaporates of continental origin, on the other 
hand, contain little or no potassium, and sodium predominates 
therein. Along with mirabilite, thenardite, and halite, the conti- 
nental evaporates contain gaylussite, Na 2 Ca[C0 3 ] 2 *5H 2 0, and 
trona, Na 3 H[C0 3 ]2 *2H 2 0. Thermonatrite, Na 2 C0 3 *H 2 0; natron, 
Na 2 CO 3 -10H 2 O; and pirssonite, Na 2 Ca[C0 3 ] 2 -2H 2 0, are also met in 
deposits of soda lakes. During the crystallization of salts from the 
brines of salt lakes, gaylussite is the first mineral to separate. Along 
with pirssonite, it contains all the calcium present in the brines. Trona 
is the next mineral to crystallize under ordinary conditions It is of 
technical importance in the North American continental evaporates. 
The separation of sodium sulfate starts after the crystallization of 
trona. Warm brines deposit thenardite, whereas mirabilite crystal- 
lizes at lower temperatures. Halite is deposited after the separation 
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of sodium sulfate, and the final stage consists of the crystallization 
of sodium carbonate. 

Sulfates of sodium and potassium are common constituents of 
evaporates deposited on, or immediately beneath, the surface in arid 
regions. They contain sodium chloride and sodium carbonate as fre- 
quent constituents. 

RUBIDIUM AND CESIUM IN IGNEOUS ROCKS 

The heavy alkali metals, rubidium and cesium, occur together al- 
most constantly in Nature. As a general rule they follow potassium, 
as far as their manner of occurrence is considered. Unlike lithium, 
they become incorporated in salic minerals during crystallization. 
They resemble potassium chemically, but their ionic dimensions are 
even greater than that of potassium. This fact is responsible for their 
extremely pronounced concentration in the late crystallates, particu- 
larly in those of granitic composition, whereas in nepheline syenites 
the degree of their concentration is considerably smaller. The ionic 
radii of the alkali metals increase systematically from lithium (radius 
0.78 kX) to rubidium (radius 1.49 kX) and cesium (radius 1.65 kX), 
and therefore cesium is most pronouncedly enriched in the late 
crystallates. 

Table 12.6 shows the content of rubidium and cesium in the vari- 
ous classes of igneous rocks. These metals are particularly enriched in 
greisen, in which they are evidently largely present in lepidolite. They 
are thus rather mobile in pneumatolytic processes. 

According to Sahama (19455), cesium is absent in the rocks of the 
Basement Complex of southern Lapland. In general, the pre-Cam- 
brian rocks of Finland are poorer in cesium than are the mainly Cale- 
donian and Variscan rocks analyzed by Goldschmidt, Berman, 
Hauptmann, and Peters (1933) and by Goldschmidt, Bauer, and 
Witte (1934). 

Cesium and, in particular, rubidium are typical representatives of 
the dispersed elements of Vernadsky (1924). According to him, such 
elements very seldom, if ever, form independent minerals. Notwith- 
standing the fact that rubidium is one of the most abundant trace 
elements and, moreover, considerably more abundant than cesium, 
no independent rubidium minerals have ever been found to exist. 
This is caused by the fact that the radius of Rb + (1.49 kX) is quite 
similar to that of K + , (1.33 kX), and therefore rubidium is concealed 
in the minerals of the much more abundant potassium. Cesium, on 
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the other hand, owing to its considerably greater ionic size (radius 
1.65 kX), tends to accumulate in the last residual liquors, with the 
result that sometimes its concentration grows high enough to give 
rise to the formation of pollucite, Cs[AlSi 2 0 6 ] •H 2 0< 1 . Pollucite con- 
tains 36.5 per cent Cs 2 0 and up to 3.73 per cent Rb 2 0 and is a com- 
paratively rare mineral. If the concentration of cesium does not in- 
crease enough to result in the formation of pollucite, the difference 

TABLE 12.6 


Content of Rubidium and Cesium in Igneous Rocks 


Rock 

Rb 

Cs 

(g/ton) 

Gabbros, Germany, composite (Goldschmidt, Berman, 
Hauptmann, and Peters, 1933) 

18 

not detected 

Granites, Germany, composite (Goldschmidt, Bauer, and 
Witte, 1934) 

830 

40 

Greisen rocks, Erzgebirge, Germany, composite (Gold- 
schmidt, Bauer, and Witte, 1934) 

1,830 

67 

Nepheline syenites, composite (Goldschmidt, Bauer, and 
Witte, 1934) 

440 

6 

Phonolites, composite (Goldschmidt, Bauer, and Witte, 
1934) 

330 

not detected 

Pre-Cambrian granites of Finland (Erametsa, Sahama, and 
Kamila, 1941) 

1,180-1,270 

0-47 

Basement Complex of southern Lapland (Sahama, 19456): 
Ultrabasics 

0 

0 

Gabbros and dolerites 

0 

0 

(individual samples up to) 

Granites 

(27) 

455-910 

0 

Syenites 

550 

0 


in the ionic dimensions of rubidium and cesium is large enough to 
cause a separation of these metals in the late crystallates. The result 
is the enrichment of cesium in pegmatites in relation to rubidium. 

Schiebold (1931) has shown that theoretically both rubidium and 
cesium are able to form feldspar structures. Rubidium, as a matter 
of fact, is nearly always present in potash feldspars. The green 
amazonites, according to Goldschmidt, Bauer, and Witte (1934), are 
particularly rich in rubidium. The potash feldspars of pegmatites are 
often considerably enriched in both rubidium and cesium, whereas 
the sodium minerals are devoid of these metals, especially cesium. 
Among the potash feldspars so far investigated, the highest rubidium 
and cesium content reported occurs in a microcline perthite from the 
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Varutrask pegmatite in northern Sweden, which contains 3.3 per 
cent Rb 2 0 and 0.6 per cent Cs 2 0 (Quensel, 1937). Although both 
rubidium and cesium in pegmatites are heavily enriched in regard to 
potassium, there is evidence indicating that, in addition, the Cs : Rb 
ratio in pegmatites differs somewhat from that found in the rocks 
formed during the main stage of crystallization. In pegmatites, cesi- 
um is even more abundant in relation to potassium than rubidium is. 
Compared with the content of rubidium in granites and nepheline 
syenites and in their potash feldspars, the content in granite pegma- 
tites is considerably higher. The rule is valid also in case of cesium. 
In leucite the content of rubidium and cesium is very much higher 
than in the rock-making potash feldspars. Goldschmidt, Bauer, and 
Witte (1934) report up to 0.034 per cent Rb 2 0 and 0.023 per cent 
Cs 2 0 in leucite. 

As shown by Adamson (1942), the Cs : Rb ratio in the microcline 
perthite from Varutrask is higher than in any igneous rock or pegma- 
tite so far investigated. At Varutrask the high concentration of cesi- 
um has caused abundant formation of pollucite, which is quarried as 
a cesium ore. 

Along with the feldspars, the micas also are important carriers of 
rubidium and cesium in igneous rocks, particularly in pegmatites. 
The high content of these metals in lepidolite is w^ell established. 
Lepidolite contains up to 1.73 per cent Rb 2 0 and 0.72 per cent Cs 2 0. 
As much as 1.49 per cent Rb 2 0 is reported in zinnwaldite. Gold- 
schmidt, Bauer, and Witte (1934) found 0.40 per cent Rb 2 0 and 
0.015 per cent Cs 2 0 in a muscovite from a granite pegmatite and 0.39 
per cent Rb 2 0 and 0.048 per cent Cs 2 0 in lepidomelane from nephe- 
line syenite pegmatite. Biotite is reported to contain in excess of 3 
per cent Cs 2 0. Erametsa, Sahama, and Kanula (1941) found up to 1 
per cent Rb 2 0 in phlogopite from contact metamorphic limestones. 

The distribution of rubidium and cesium between feldspars and 
micas is illustrated in the accompanying tabulation by the analyses 
made by Erametsa, Sahama, and Kanula (1941). 

These analyses show that the rubidium and cesium content is 
higher in the micas than in the feldspars. 

Stevens and Schaller (1942) report the average content of lithium, 
rubidium, and cesium in micas from pegmatites given in Table 12.7. 
They have established an increase in the content of the rare alkalies, 
in both their individual and their total content, with the successive 
stages of hydrothermal replacement in pegmatites of southern Cali- 
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fornia. The replacement starts with a sodium phase, consisting chief- 
ly of albitization and the formation of muscovite, and ends with a 
lithium phase, which culminates in the production of large amounts 
of lepidolite and lithium tourmaline. 


Minerals Analyzed 

Rb 2 0 

Cs 2 0 

Per Cent 

Pegmatitic granite , Luikon- 
lahti, Finland: 

Biotit e 

0.35 

0.003 

Microcline 

0.17 

0 

Pegmatite, Skogsbole, Kemio, 
Finland: 

Muscovite 

—2 5 

0.02 

Albite (cleavelandite) . 

0.08 

0.001 


Ahrens (1947a) states that, together with amazonite, pollucite is 
probably the second richest rubidium mineral; lepidolite is the rich- 
est. 

Rubidium and cesium are also enriched in many beryl varieties 
found in pegmatites and in miarolitic cavities in granites, but the 
cause of their concentration in this mineral is still unknown. 

TABLE 12.7 

Average Content of Lithium, Rubidium, and Cesium in Micas 


Compound 

Paragonite 

Muscovite 

Biotite 

Lepidolite 

LisO . 

0 31 

0 26 

0 71 

4.90 

Rb 2 0. 

0 08 

0.14 

0 59 

1.35 

Cs 2 0 . 

0 

0.06 

0 30 

0 24 

Total 

0.39 

0 46 

1 60 

6 49 


They are also present in the rare pegmatite mineral rhodizite, 
KN aLi 4 A1 4 [B e 3R 1 0O2 7] . 

Also in minerals of late hydrothermal veins rubidium and cesium 
accompany potassium, e.g., in adularia. Many mineral waters con- 
tain rubidium and cesium, apparently derived from thermal waters. 
The greater volatility of cesium compounds, as compared with the 
corresponding rubidium and potassium compounds, causes the en- 
richment of cesium in the sublimates of potash-rich volcanic rocks. 
The lavas of Vesuvius contain, as a sublimate, the borofluoride avo- 
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gadrite, KPBF4], in which, potassium is replaced by significant quan- 
tities of cesium. 

CYCLE OF RUBIDIUM AND CESIUM 
Like the other alkali metals, rubidium and cesium are also brought 
into solution during weathering. As pointed out previously in this 
chapter, potassium is subsequently almost quantitatively removed 
from the solution and precipitated, by adsorption, in clays. This fact 
is due to its small ionic potential. That of rubidium and cesium is 
still smaller, and therefore these metals follow potassium during the 
minor cycle and become adsorbed in argillaceous sediments still more 
completely than potassium does. As pointed out by Noll (1931), 


TABLE 12.8 

Content and Abundance Ratios of Potassium, Rubidium, 
and Cesium in Some Geochemical Materials 


Material 

K 

Rb 

Cs 

Rb:K 

; 

Cs:K 

g/ton 

Igneous rocks 

25,900 

310 

7 

0 012 

0 00027 

Argillaceous sediments 

27,000 

300 

12 

0 011 

0 00044 

Sea water 

380 

0 2 

—0 002 

0 00053 

0 0000053 


cesium is adsorbed more quantitatively than rubidium is. The Rb:K 
and Cs:K ratios of hydrolyzate sediments tend to be greater than the 
corresponding ratios in igneous rocks (see Table 12.8). From the pro- 
nounced adsorption of rubidium and cesium it follows that only a 
very small part of these metals remains in sea water and is finally in- 
corporated in the evaporates. The studies of Goldschmidt and his 
co-workers (Goldschmidt, Berman, Hauptmann, and Peters, 1933; 
Goldschmidt, Bauer, and Witte, 1934) have revealed that the Rb:K 
ratio in evaporates (carnallite) is of the same order as that in sea 
water, but both the Rb:K and the Cs :K ratios are lower than in ig- 
neous rocks. The abundance of the three alkali metals and their 
abundance ratios in some geochemical materials of importance in the 
minor cycle are presented in Table 12.8 on the basis of Tables 2.3, 
5.52, and 6.17. The values show that the content of rubidium and 
cesium in sea water is strongly reduced with respect to that of potas- 
sium. It is evident that the same rule is also valid in the evaporate 
sediments. 
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The content of rubidium and cesium in sediments and their deriva- 
tives is shown by the values recorded in Table 12.9. The number of 
analyses available is still deplorably small. 

In spite of the scarcity of rubidium and cesium in evaporates, the 
potassium salts are the most important industrial sources of these 
metals. They are recovered as by-products of salt-mining and puri- 
fication processes. The readily soluble potassium salts are technically 
a more valuable source of rubidium and cesium than are the silicate 
minerals of pegmatites. However, some pegmatites exceptionally rich 
in rubidium and cesium minerals are mined as ores of these metals. 

TABLE 12.9 


Content of Rubidium and Cesium in Sediments and Their Derivatives 


Material 

Rb 

Cs 

g/ton 

Shales, composite (Goldschmidt, Bauer, and Witte, 1934) 

300 

12 

Red clay (Goldschmidt, Bauer, and Witte, 1934) . . 

391 1 

13 

Glauconite (Goldschmidt, Bauer, and Witte, 1934) 

555 

15 

Laterite-bauxite ores (Landergren, 1948) 

5 


Bog iron ores, Finland (Landergren, 1948) 

8 


Marine oolitie-siliceous iron ores (Landergren, 1948) 

7 


Marine siderite ores (Landergren, 1948) 

5 


Quartzites, southern Lapland (Sahama, 19456) 

273 ! 


Aluminum-rich schists, southern Lapland (Sahama, 19456) 

540-730 


Carbonate rocks, southern Lapland (Sahama, 19456) .... 

0 



THE ALKALI METALS IN THE BIOSPHERE 
Lithium is reported to be present in many plants and animals as a 
variable microconstituent. According to Strock (1936), it may be- 
come enriched in plant and coal ashes. Tobacco ashes contain up to 
0.44 per cent Li. Lithium is evidently also concentrated in soil; 
Mitchell (1944) reports a content varying from 30 to 5,000 g/ton Li 
therein. Lithium is more toxic than sodium and potassium and so far 
has not been shown to possess any biological role. 

Sodium and potassium are definitely biophile elements. 

Sodium is probably a universal microconstituent of plants, and 
some species are known which accumulate it. Marine plants are the 
richest in sodium. The content of this metal in animals is still higher 
than in plants. Sodium is the chief circulating cation in the extra- 
cellular liquids in animals, and its content therein is always higher 
than in the cells. Sodium is of great importance in biological systems 
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as a transport element, and it is essential in tissues of higher plants 
and animals. Further, it helps to maintain the ionic balance of body 
fluids. However, it is claimed that some plants and insects contain 
practically no sodium or are able to lose most of their supply of this 
metal without disturbance in their physiological functions. 

Potassium is an essential constituent of all plants, in which its con- 
tent is higher than that of sodium. Potassium is also a universal con- 
stituent of all animals, in which it is found chiefly in the cells, in 
analogy to its manner of occurrence in plants, whereas sodium circu- 
lates in the extra-cellular fluids and thus maintains its manner of oc- 
currence in sea water. The higher land animals usually contain some- 
what more potassium than sodium. The bulk of potassium in plants 
occurs as K + ions, and this is the case also with the higher animals, 
in which potassium occurs mostly as phosphate, but organic com- 
pounds carrying potassium, e.g., lipides, are known, in addition. Po- 
tassium is a factor in the growth of plants and animals : in the plant 
it is essential for the synthesis and function of chlorophyll; in the 
animals it is the chief cation within the cells. 

Rubidium is frequently found in plants, and some species are able 
to concentrate it. The ashes of sugar cane contain as much as 0.2 per 
cent Rb. Cesium is also present therein. Mitchell (1944) found a con- 
tent of 100-2,000 g/ton Rb in soil. In higher animals rubidium is fre- 
quently present as a microconstituent, but in lower animals and 
plants its occurrence is sporadic. Rubidium may perhaps replace 
potassium in some plants. It is toxic to higher animals. 

Cesium often accompanies rubidium in the biosphere. Mitchell 
(1944) reports up to 5 00 g/ton Cs in soil. In the absence of potassium, 
cesium is toxic to most plants, and it is also toxic to animals. It is a 
doubtful microconstituent of some animals. 
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BERYLLIUM 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

T HE cosmic abundance of beryllium and that of its neighbors in 
the Periodic System, lithium and boron, is remarkably low. So 
far, the abundance of beryllium in igneous rocks and in meteorites is 
not known in all details. A summary of its abundance values is given 
in Table 13.1. The beryllium content of the sulfide and metal phases 
of the meteorites is very low. Beryllium is present in the atmospheres 
of the Sun and of other stars (see chap. 2). 

TABLE 13.1 

ABUNDANCE OF BERYLLIUM 

Materia] , ? e , 


Meteoritic iron unknown 

Troilite unknown 

Silicate meteorites (Goldschmidt, 19376) 1 

Igneous rocks (Goldschmidt and Peters, 1932a) 2 

Igneous rocks (Goldschmidt, 19376) 6 

Igneous rocks (Sandell and Goldich, 1943) <7 


Notwithstanding the difference in the valence of beryllium and 
aluminum, these metals resemble each other chemically. Like alumi- 
num, beryllium is also geochemically strongly lithophile. 

BERYLLIUM IN IGNEOUS ROCKS 
In the lithosphere, beryllium is appreciably enriched in the upper- 
most crust. It is a typically oxyphile element. No detailed determi- 
nations are available to show the average content of beryllium in the 
various groups of igneous rocks. The values recorded in Table 13.2 
establish the presence of regional variations in the beryllium content 
of the upper lithosphere. The values also illustrate the pronounced 
tendency of beryllium to become enriched toward the late stages of 
magmatic differentiation. Thus both granites and nepheline syenites 
are high in beryllium, but in the alkalic rocks low in silica the degree 
of enrichment is considerably higher than in the silica-rich granites. 
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Sahama and Vahatalo (1939a) have also established the concentra- 
tion of beryllium in the residual solutions of diabase magmas. 

The study of the crystal structures of beryllium minerals leads to 
the conclusion that the co-ordination number of the bipositive beryl- 
lium ion in regard to oxygen is always 4. This fact is evidently due to 
the small size of the Be 2+ ion (radius 0.34 kX), which lies not far from 
the Si 4+ ion (radius 0.39 kX) in this respect. Owing to this similarity, 
it would be natural to assume that beryllium would preferably re- 
place silicon in the [SiOJ tetrahedra. As a matter of fact, this substi- 
tution seems to be the most important manner of occurrence of beryl- 

TABLE 13.2 

Content of Beryllium in Igneous Rocks 

Rock _ (g/ton) 

Olivinites and plagioclase rocks (Goldschmidt and 


Peters, 1932a) 0 

Gabbros and diabases (Goldschmidt and Peters, 

1932a) <3.6 

Granites (Goldschmidt and Peters, 1932a) 3.6 

Nepheline syenites (Goldschmidt and Peters, 1932a) . 36 

Dark nepheline-bearing rocks (Goldschmidt, Haupt- 
mann, and Peters, 1933) up to 360 

Acidic igneous rocks, average (Sandell and Goldich, 

1943). ; 7 

Ultrabasic rocks of southern Lapland (Sahama, 194 5b) 0 

Gabbros and dolerites of southern Lapland (Sahama, 

19456) 0 

Granites of southern Lapland (Sahama, 19456) 1 

Syenites of southern Lapland (Sahama, 19456) .... 2 


Hum in mineral structures. The rocks usually contain too little beryl- 
lium to allow the formation of its independent minerals, and there- 
fore it is contained in the structures of other minerals. Silicic igneous 
rocks and particularly nepheline syenites may carry notable amounts 
of beryllium in their alkali feldspars, nepheline, sodalite, micas, tour- 
maline, alkali amphiboles, and alkali pyroxenes. Goldschmidt and 
Peters (1932a) found up to 36 g/ton Be in muscovite, somewhat more 
in biotite, and 360 g/ton in aegirite. Filippov and Tolmacev (1935) 
report a maximum of 150 g/ton Be in amazonite. The minerals listed 
above undoubtedly carry the bulk of the beryllium present in the up- 
per lithosphere. In these minerals the Be 2+ ions do not occur outside 
the silicon-oxygen framework but actually replace silicon within the 
[Si0 4 ] tetrahedra. It must also be borne in mind that, according to 
Schiebold (1931), beryllium cannot replace calcium in the anorthite 
structure and that therefore there exists no “beryllium anorthite.” 
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The enrichment of beryllium in granite and nepheline syenite peg- 
matites is a fact long known to mineralogists. As pointed out by 
Goldschmidt and Peters (1932a), the enrichment is evidently due to 
the small size of the beryllium ions, which consequently are not ca- 
pable of hiding in the structures of common rock-making minerals but 
become, instead, enriched in the residual solutions. According to 
Wickman (1943; see chap. 5), another cause is the low charge of the 
beryllium ion, which gives a weaker bond than, for instance, in the 
case of silicon. Therefore, beryllium becomes enriched in pegmatites, 
which often contain independent beryllium minerals, the more im- 
portant among which are the following: 


Chrysoberyl, 

Beryl, 

Phenakite, 

Euclase, 

Eudidymite and epididymite, 
Meliphanite, 

Leucophane, 

Gadolinite, 

Helvite, danalite, genthelvite. 


Al 2 Be 04 

AkBestSieOis] 

Be 2 [Si0 4 ] 

Al[BeSi0 4 0H] 

Na[BeSi 3 0 7 0H] 
(Ca,Na) 2 [(Be,Al)Si 2 0 6 F] 
(Ca,NaH) 2 [BeSi 2 0 6 (0H,F)] (?) 
Y 2 Fe[0 1 BeSiOJ 
(Mn,Fe,Zn) 8 [S 2 | (BeSi0 4 ) 6 ] 


Chrysoberyl may be structurally derived from olivine by replacing 
Si by Be and 2Mg by 2A1. In beryl and phenacite, beryllium does not 
replace silicon, but, in the other beryllosilicates listed above, the com- 
plex anion framework constitutes a Be-Si-0 network. The ratio 
Be: Si varies, being 1:1 in euclase, helvite, and gadolinite; 1:2 in 
melinophane and leucophane; and 1:3 in eudidymite and epididy- 
mite. In the minerals of plumasitic pegmatites, which contain alumi- 
na in excess over potash and soda, the Be-Si-0 network is linked to 
aluminum, e.g., in euclase and beryl. In agpaitic pegmatites, on the 
other hand, in which potash and soda predominate over the amount 
of alumina, chiefly Na + and Ca 2+ occupy the positions of cations out- 
side the network, e.g., in eudidymite, epididymite, meliphanite, and 
leucophane. These minerals are found mainly in nepheline syenite 
pegmatites. 

Other independent beryllium minerals are the rare oxide bromel- 
lite, BeO, some phosphates, and borates. Beryllonite, NaBe[P0 4 ], 
and herderite, CaBe[(0H,F)|P0 4 ], are pegmatite mmerals. Ham- 
bergite, Be 2 [00H|B0 2 ], is found in agpaitic pegmatites. 

Beryl, with a content of 11.5-13.5 per cent BeO, is the technically 
most important mineral of beryllium. Industrially significant beryl- 
lium deposits occur, as a rule, only in granite pegmatites, whereas the 
nepheline syenites have no economic importance in this respect. The 
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explanation is that,* notwithstanding the usually higher content of 
beryllium in nepheline syenites as compared with granites, the de- 
gree of its enrichment during the last stages of formation of alkalic 
rocks is considerably lower than during the crystallization of granitic 
residual liquors. The main constituents of nepheline syenites usually 
carry more beryllium than do the granite minerals, and therefore the 
bulk of this metal is removed from the alkalic melts during the main 
stage of their crystallization. 

Beryllium is not enriched in products of normal contact metamor- 
phism of shales. However, noteworthy concentrations of beryllium 
are often present in the skarn zones formed by pneumatolytic and 
metasomatic processes at igneous contacts in limestones. Helvite is a 
common constituent of skarn rocks. Among other skarn minerals, 
grossularite, epidote, allanite, and particularly idocrase (vesuvianite) 
are beryllium-bearing. Idocrase may contain in excess of 1 per cent 
BeO. A content of 0.1 per cent BeO has been established in axinite, 
and allanite (orthite) may sometimes be rich in beryllium (beryllian 
allanite with nearly 4 per cent BeO). Beryllium is also present in hy- 
drothermal solutions and may become incorporated in zeolites and 
other late hydrothermal minerals. 

Landergren (1948) found up to 100 g/ ton Be in the skarn iron ores 
of central Sweden. He concludes that, in general, there seems to oc- 
cur an enrichment of beryllium in connection with the enrichment of 
iron. Beryllium is not enriched in minerals and rocks genetically con- 
nected with pneumatolytic deposition of cassiterite. The only excep- 
tion is zinnwaldite, which may contain nearly 360 g/ton Be (Gold- 
schmidt and Peters, 1932a). 

CYCLE OF BERYLLIUM 

During the processes of weathering and formation of sediments, 
beryllium closely follows the course of aluminum, being enriched,' 
along with this metal, in clays, bauxites, recent deep-sea deposits, 
and other hydrolyzate sediments. This is due to the similarity of the 
basic properties and solubilities of the hydroxides of these metals. 
Even though the radii and the charges of the Be 2+ and Al 3+ ions dif- 
fer from each other, their ionic potentials are rather similar 
($ Be2+ = 5.9; = 5.3), and therefore the two metals follow each 

other into the hydrolyzates during the hydrolytic decomposition of 
their salts. Wickman (1944) confirmed the fact that beryllium is an 
element of the hydrolyzates. 
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The content of beryllium in sediments and sedimentary rocks is 
presented in Table 13.3, which contains, in addition, information on 
the beryllium content of some metamorphic rocks. As in the case of 
aluminum, the content of beryllium does not materially decrease dur- 
ing contact and regional metamorphisin. 

Szelenyi (1937) found no material difference in the beryllium con- 
tent of clays and bauxites, whereas some kaolins were low in this 


TABLE 13.3 


Content of Beryllium in Sediments, Sedimentary Rocks, 
and Some Metamorphic Rocks 


Material 

Kaolin (Szelenyi, 1937) 

Bauxite (Szelenyi, 1937) 

Lateritic and bauxitic iron ores (Landergren, 1948) . 

Clay (Szelenyi, 1937) 

Clay, Chilean nitrate deposits (Goldschmidt and 

Peters, 1932a) 

Bottom sediment, Tyrrhenian Sea (Landergren, 1948) 
Deep-sea oozes (Goldschmidt and Peters, 1932a) . . . 

Red clay (Goldschmidt and Peters, 1932a) 

Manganese nodule (Goldschmidt and Peters, 1932a) 

Shales (Goldschmidt and Peters, 1932a) 

Bog ores (Landergren, 1948) 

Sedimentary iron ores (Goldschmidt and Peters, 

1932a) 

Marine iron ores (Landergren, 1948) 

Sedimentary manganese ores (Goldschmidt and 

Peters, 1932a) 

Quartzites of southern Lapland (Sahama, 19456) . . . 
Leptitic and aluminum -rich schists, southern Lap- 

land (Sahama, 19456) 

Black (carbonaceous) schists, southern Lapland 

(Sahama, 19456) 

Carbonate rocks, southern Lapland (Sahama, 19456) 


Be 

(g/ton) 

up to 180 
1 .8-36 
5 

up to 36 

^ 3 .6 
13 
0 

<3.6 

0 

3.6 

7 

<3.6 

10 

<3.6 

0 

1 

<1 

0 


metal. Taken as a whole, the content of beryllium in sediments and 
sedimentary rocks is still rather incompletely known. 


BIOGEOCHEMISTRY 

Beryllium is concentrated by some plants, especially by those 
growing in berylliferous areas. The ashes of wheat are reported to 
contain as much as 2 per cent Be. Goldschmidt and Peters (1933c) 
found beryllium enriched in coal ashes. However, the biological role 
of this metal is still unknown, and the toxicity of beryllium salts is 
claimed to be due to the acid radical or to their hydrolytic decompo- 
sition. It is possible that beryllium only accompanies aluminum in 
organisms. As stated by Fearon (1933), it may often have been mis- 
taken for aluminum in biological analyses. 
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MAGNESIUM 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

M AGNESIUM is the scarcest of the eight main elements of the 
upper lithosphere. According to Clarke and Washington 
(1924), the average magnesium content of igneous rocks is 2.09 per- 
cent, whereas the content of potassium, which precedes magnesium, 
is 2.59 per cent. The average content of magnesium in silicate mete- 
orites is 16.00 per cent (Merrill, 1916; recalculated by Goldschmidt, 
19376). No magnesium is present in the metal and sulfide phases of 
the meteorites. Magnesium is also one of the most abundant constit- 
uents of the solar atmosphere. In the sunspots its abundance is still 
higher. 

In the silicate meteorites the abundance of magnesium, calculated 
as atoms per 100 atoms of silicon, is ten times as high as its corre- 
sponding abundance value in igneous rocks. The explanation is that 
the ferromagnesian ortho- and metasilicates — olivine and the Ca- 
and Al-free pyroxenes — predominate in the silicate meteorites, 
whereas the femic magnesium minerals of igneous rocks, on an aver- 
age, are much less abundant than the feldspars, quartz, and some 
other minerals. 

Magnesium is strongly lithophile, and in the Earth it is almost 
quantitatively contained in the silicate shell. In the upper lithosphere 
magnesium is combined exclusively with oxygen. The magnesium 
sulfide, MgS, is not known as a mineral, which affords proof of the 
strongly oxyphile character of magnesium. 

With reference to its terrestrial occurrence, magnesium, in addi- 
tion, belongs to the group of the biophile elements. 

MAGNESIUM MINERALS 

Unlike the alkali metals, magnesium is able to build both simple 
and complex inorganic compounds which are stable under the condi- 
tions met in Nature. The most important silicate minerals of mag- 
nesium are the following: 
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Olivine group 
Forsterite 
Garnet group 
Pyrope 
Cordierite 
Pyroxene group 
Diopside 
Pigeonite 
Augite 
Enstatite 
Amphibole group 
Cummingtonite 
Actinolite series 
Hornblende 
Anthophyllite 
Chrysotile 
Sepiolite 
Talc 

Mica group 
Phlogopite 
Biotite 

Chlorite group 
Magnesian clay minerals 


With reference to the crystal structure of these minerals, it is im- 
portant to note that none belongs to the structural group of the tec- 
tosilicates. It was mentioned in chapter 5 that this is due to the oc- 
currence of the Mg 2+ ion in 6-co-ordination, the result being that the 
three-dimensional tectosilicate framework of linked [Si0 4 ] and [A10 4 ] 
tetrahedra cannot neutralize the magnesium ions electrically. Be- 
cause the light constituents of both igneous and metamorphic rocks, 
especially the feldspars and the feldspathoids, belong structurally to 
tectosilicates, magnesium is almost totally confined to the early- 
crystallizing dark constituents of rocks. On the other hand, calcium 
with a co-ordination number from 6 to 9 begins to crystallize later 
and preferentially forms plagioclase feldspars. 

The following are the most important among the nonsilicate min- 
erals of magnesium, the salt minerals not being considered: 


Dolomite, 

Magnesite, 

Spinel, 

Geikielite, 

Periclase, 

Brucite, 

Sellaite, 


CaMg[C0 3 ] 2 

MgC0 3 

MgAl 2 0 4 

MgTi0 3 

MgO 

Mg (OH) 2 

MgF 2 
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The magnesium carbonates, dolomite and magnesite, are of con- 
siderable petrological and geochemical importance. The oxide min- 
erals of magnesium, with the exception of spinel, are rare. The salt 
minerals of magnesium (see under “Cycle of Magnesium,” p. 453) 
are common constituents of many evaporate sediments. 

Contrary to fluorite, which is a common constituent of late mag- 
matic crystallates, sellaite is not stable in igneous rocks. It is rare 
and its most important manner of occurrence is in dolomitic lime- 
stones along with anhydrite. Its stability relationships were investi- 
gated thermochemically by Sahama (1945a), who found that the as- 
semblage sellaite-calcite, represented by the equation 

MgF 2 + CaC0 3 ^ CaF 2 + MgCO a , 

is stable at high temperatures, whereas at low temperatures the as- 
semblage fluorite-magnesite is stable. Both fluorite and sellaite are 
stable in dolomite at low temperatures. If magnesite is present, sel- 
laite wall be formed at higher temperatures at the expense of fluorite, 
according to the above equation. 

Sahama (1945a) has also called attention to some other differences 
in the abundance of calcium and magnesium minerals. Phosphorus is 
always combined with calcium and forms apatite. The corresponding- 
magnesium mineral, wagnerite, Mg 2 [F|P0 4 ], is rare. On the other- 
hand, periclase, MgO, and brucite, Mg(OH) 2 , are more common min- 
erals than lime, CaO, and portlandite, Ca(OH) 2 . 

The co-ordination number of magnesium in the structures of most 
of its minerals is 6. In some structures, for example, in garnet and in 
spinel, its co-ordination number is 4. 

MAGNESIUM IN IGNEOUS ROCKS 

Basic and, particularly, ultrabasic rocks form the proper surround- 
ings of magnesium in the upper lithosphere. The average composi- 
tions calculated by Daly (1933) for the various rocks of the calc-al- 
kalic differentiation series (see Table 5.32) show that magnesium is 
very strongly enriched in the silicate minerals which separated from 
the magma during the early stages of crystallization. Therefore, 
dunites and similar rocks are high in magnesium. The first products 
of magmatic differentiation, which are usually formed prior to the 
separation of the early magmatic sulfides, and the silicate minerals 
accompanying the early-separated titaniferous iron ores contain 
magnesium, along with ferrous iron, in the form of the orthosilicate 
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olivine. The early olivines are rich in the magnesian component, 
forsterite. In addition, the corresponding metasilicate, enstatite, oc- 
curs often as a constituent of the early crystallates. During the main 
stage of crystallization magnesium — again together with ferrous iron 
— is the most important cation to become incorporated in femic min- 
erals. 

The manner of occurrence of magnesium in igneous rocks is conse- i\ 
quently characterized by the diadochy Mg 2+ -Fe 2+ , the natural ex- 
planation of which is the equal size of the two ions (r Mg2 + = 0.78 kX; \ 
r Fe * = 0.83 kX). The diadochy is complete in nearly all mineral I 
groups of petrological importance. Cordierite seems to form the only 
exception to this rule, but this mineral is but rarely found as a con- 
stituent of primary igneous rocks. The cordierites are usually rather 
poor in iron, but some rare types have been encountered which are 
iron-rich. The iron-rich members of certain amphibole series not met 
as constituents of igneous rocks, e.g., the actinolite series, are similar- 
ly unknown. The general rule has it that magnesium, compared with 
iron, becomes enriched in rock-making minerals when their crystalli- 
zation temperatures are relatively high. The melting temperatures of 
the silicate minerals of magnesium, as a matter of fact, lie rather high 
and are well in excess of those of the corresponding ferrous minerals. 
It is evident that the Mg 2+ ion is very strongly bound within the 
structures, that is, its energy of migration is high. As was pointed out 
in chapter 5, this is due to the fact that the radius of the Mg 2+ ion 
is not very far from the optimum value required by the 6-co-ordina- 
tion. The Mg 2 + ion has just the proper size to fill out completely the 
space between six oxygen ions in contact w T ith one another, without 
pushing them apart. Consequently, a strong bond is generated be- 
tween magnesium and the oxygen ions. In the case of Fe 2+ , which is 
greater than Mg 2+ , the bond is weakened, with a resulting decrease 
in the melting temperature of the silicates in question. Thus ferrous 
iron becomes concentrated in the mother-liquor. 

The regular change of the Fe : Mg ratio during the differentiation 
was discussed in chapter 5. With reference to the manner of distribu- 
tion of the two metals among the femic constituents of igneous rocks, 
it must be noticed that in the pyroxenes and amphiboles of the calc- 
alkalic igneous rocks magnesium nearly always predominates if a 
sufficient supply of it has been available. On the other hand, the al- 
kalic rocks are, on an average, considerably lower in magnesium, and 
therefore ferrous iron predominates over magnesium in their py- 
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roxenes (aegirite-aegirinaugite series) and amphiboles (riebeckite 
series) . 

The common rock-making oxides in igneous rocks are entirely dif- 
ferent from the silicate minerals; they are chiefly iron compounds 
with' only a very low content of magnesium. The magnesium com- 
pound corresponding to ilmenite, viz., geikielite, MgTi0 3 , is only a 
mineralogical curiosity; and magnetite, the most abundant among 
the opaque accessory constituents of igneous rocks, is almost totally 
free of magnesium. The only common oxide mineral of magnesium, 
viz., spinel, MgAl 2 0 4 , is actually irrelevant to rocks belonging to the 
main stage of crystallization. 

The scarcity of geikielite is explained by Sahama and Torgeson 
( 1949 ) on thermochemical reasons. The mixture geikielite + olivine 
is stable at high temperatures, whereas the mixture ilmenite + oli- 
vine is stable at low temperatures. 

Forsterite and enstatite, the early-crystallized constituents of ultra- 
basics, often succumb to autometamorphism and react with aqueous 
solutions, whereby serpentine and talc and often also chlorite, ortho- 
rhombic amphiboles, actinolite, and still other minerals are formed. 

BIOGEOCHEMISTRY OF MAGNESIUM 

Magnesium is a constant microconstituent of lower plants. In the 
higher plants it is, as a porphyrin derivative, an essential constituent 
of chlorophyll. The foremost biochemical importance of magnesium 
lies in its role as the catalytic metal in photosynthetic processes based 
on the existence of chlorophyll. Seeds contain magnesium, along with 
calcium, as inositol hexaphosphate. Magnesium is also important as 
the activator of some enzymes and in the phosphate transport in ani- 
mals. Therefore, it is a factor in their growth. 

Some marine organisms are very rich in magnesium. Up to 25 per 
cent Mg CO 3 may be incorporated in the calcareous parts of some 
marine algae. Lower contents are reported in the shells and skeletons 
of other marine organisms (foraminifers and echinoderms) . In certain 
organisms the proportion of MgC0 3 seems to be a function of tem- 
perature: according to Clarke and Wheeler ( 1922 ), organisms living 
in warm water are regularly higher in magnesia than those dwelling 
in cold water. 

In higher animals magnesium is constantly found in the skeletal 
parts, muscles, and nerve tissue. In the skeleton, magnesium and cal- 
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cium are closely associated, and magnesium accompanies, supple- 
ments, or replaces calcium therein. 

Magnesium, like calcium, becomes enriched in certain bioliths. 

CYCLE OF MAGNESIUM 

The behavior of magnesium during the processes of weathering and 
the formation of sediments is illustrated by the summary of magne- 
sium contents given in the accompanying tabulation, based on 
Tables 2.3, 5.52, and 6.7. 

Material 

Igneous rocks 

Salts of lake and river waters 

Salts of sea water 

Argillaceous sediments 

The magnesium content of argillaceous sediments is not very much 
lower than that of igneous rocks. During chemical weathering, mag- 
nesium is released mainly as the soluble chloride, MgCb, and sulfate, 
MgS0 4 . Another portion of magnesium is transported, partly as 
chemically undecomposed, finely ground mineral particles and partly 
as magnesium-bearing clay minerals, which are derived particularly 
from basic and ultrabasic rocks during the weathering (chap. 5). 
This portion is finally deposited in the hydrolyzates. Still another 
part of magnesium becomes incorporated in the clay minerals as a 
result of base-exchange reactions. 

The cycle of magnesium differs rather pronouncedly from that of 
calcium. According to the discussion presented in chapter 6, calcium 
exceeds all other cations in solution in river waters, but in the sea by 
far its greatest part is removed from solution by precipitation as 
carbonate, caused either by marine organisms or by inorganic proc- 
esses. The result is a low content of dissolved calcium in sea water. 
Magnesium, on the other hand, is nearly as abundant in river water 
as in the sea. Many of its salts are readily soluble, and therefore its 
bulk remains in sea water, occupying the next place in abundance in 
the ocean, right after chlorine and sodium. However, the enrichment 
of magnesium in sea water is not quite so pronounced as that of sodi- 
um (see Table 6.19), and its content remains relatively stable be- 
cause of the additional quantities transported to the sea by rivers. 
Like sodium, magnesium remains largely in the sea, although it is 
partly precipitated as carbonate. In its behavior during the exogenic 
cycle magnesium therefore occupies a position intermediate between 
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sodium and calcium, following, however, a course closer to the first- 
mentioned metal. 

A small part of magnesium becomes incorporated in the evapo- 
rates, along with calcium and the alkali metals, particularly sodium. 
Because its salts are readily soluble, magnesium is usually present 
only among the compounds crystallized during the last stages of the 
evaporation of the brines, and various magnesium and potassium- 
magnesium salts are then formed. Some of the salts were mentioned 
in chapter 12. The alkali-free magnesium salts found in the evapo- 
rates include the chloride bischofite, MgCl 2 • 6H 2 0, and the sulfates 
kieserite, Mg[S0 4 ] -H 2 0; hexahydrite, Mg[S0 4 ]*6H 2 0; and epsomite, 
Mg[S0 4 ] -7H 2 0. The presence of magnesium salts affords proof of the 
marine origin of the deposits and excludes the possibility of their 
lacustrine crystallization. This rule refers to the sulfates and chlo- 
rides of magnesium. On the other hand, magnesium is an important 
constituent of evaporate sediments consisting of borates (see chap. 
16). 

A number of magnesium phosphates of secondary origin are 
known as minerals, e.g., struvite, (NH 4 )Mg[P0 4 ] -6H 2 0, and 
bobierrite, Mg 3 [P0 4 ]2 *8H 2 0, which are found in guano. Hornesite, 
Mg 3 [As0 4 ] 2 -BHoO, is the arsenate corresponding to bobierrite in com- 
position. 

The precipitation of magnesium hydroxide starts at a pH of 10. It 
might thus be possible that brucite is formed in alkali soil. In sea 
water, even during active photosynthesis, the pH evidently does not 
attain a value high enough for the precipitation of magnesium as 
hydroxide. 

Eskola (1914) has shown that magnesium may be rather mobile 
in metasomatic processes. Thus, for example, some magnesium-rich 
rocks of southwestern Finland are explained as a result of a magnesia 
metasomatism of acidic leptites, w T hereby very considerable amounts 
of magnesia were added which replaced the alkalies and lime in the 
original rocks. Cordierite and anthophyllite are typical minerals in 
the metasomatic rocks rich in magnesia, and sulfide-ore deposits are 
often genetically connected with the metasomatic rocks. 

The potassium-magnesium salts of the evaporate sediments, par- 
ticularly carnallite, are important ores of magnesium. Therefore, the 
production of magnesium from salt minerals is closely connected with 
that of potassium. Magnesium is also obtained from dolomite, mag- 


454 



MAGNESIUM 

nesite, and brucite. Sea water is an important source of magnesium, 
which is removed therefrom as the hydroxide: 

MgClo + Ca(OH) 2 -> Mg(OH) 2 + CaCl 2 . 

MAGNESIUM CARBONATE 

Along with pure calcium carbonate, the precipitates also contain 
dolomite, which is the double carbonate of calcium and magnesium. 
Small amounts of authigenic dolomite are common in deep-sea de- 
posits. Magnesium carbonate is more soluble than calcium carbonate, 
but actually the solubility is due to the hydrolysis taking place in 
solution, magnesium hydroxide being a weaker base than is calcium 
hydroxide. Although there is more than three times as much mag- 
nesium as calcium dissolved in sea water, the oceans are not saturat- 
ed with magnesium carbonate, and its precipitation is more difficult 
than that of calcium carbonate. 

The dolomitic limestones frequently contain some calcite, and all 
gradations probably exist from calcitic to dolomitic limestones. In 
many cases, some Mg 2+ is replaced by Fe 2+ or Mn 2+ . Limestones as- 
sociated with evaporates are usually dolomitic. The dolomitic lime- 
stones are partly organogenic in origin, having been formed as shells 
and skeletons of certain marine organisms. Direct precipitation of 
dolomite and magnesite may sometimes take place. However, sedi- 
mentary magnesites are uncommon. 

Dolomites are often formed by diagenesis. Coral reefs are dolo- 
mitized as a result of the replacement of CaC0 2 by MgCOs. This 
process has been discussed by Clarke and Wheeler (1922). Aragonite 
is more readily dissolved than calcite, and it is probable that the 
aragonitic structures are, at least partly, dissolved away, whereby 
magnesium carbonate becomes relatively concentrated. Calcite 
would also be dissolved by the aid of carbon dioxide generated during 
the decomposition of the organic matter of the organisms, but mag- 
nesium carbonate is much less readily removed by this process. On 
the other hand, a direct replacement of calcium in the aragonite of 
the coral structures by the magnesium of sea water is also possible. 
According to Clarke and Wheeler, the solubility of the aragonitic or- 
ganisms is important as the first stage of the dolomitization, and their 
replacement is effective in the second stage of the process. However, 
the actual dolomite ratio between the two carbonates is never 
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reached, and it is probable that the formation of dolomite is accom- 
plished only with time, by a series of steps. 

Magnesium carbonate may also go into solution as bicarbonate, 
which is readily soluble above a pH of 9. In more alkaline solutions, 
only the carbonate ion is present, and, if carbon dioxide is removed 
by photosynthesis, magnesium carbonate may be precipitated where 
there is abundant plant life (Atkins, 1930). 

When the oxygen contained in marine sediments has been removed 
in the oxidation of organic matter, magnesium and ferrous iron may 
start to migrate as bicarbonates. This may lead to the deposition of 
ferromagnesite, (Mg,Fe)C03, in proper surroundings. 

Very much dolomite and magnesite is, however, formed by other 
means than those described above. They are formed from calcitic 
limestones on a large scale by the xnetasomatic action of magnesium- 
rich solutions which replace calcium and form magnesium carbonate: 

2CaC0 3 + MgC0 3 —> CaMg[C0 3 ] 2 + CaC0 3 (in solution). 

Dolomitic limestones and magnesites may also originate from igneous 
rocks rich in magnesium, e.g., pyroxenites and serpentinites, in meta- 
somatic reactions which consist of the replacement of silica by carbon 
dioxide, whereby carbonates are formed. A part of magnesium is not 
bound within femic minerals during the early and the main stage of 
magmatic crystallization but remains in the residual liquors. During 
the pegmatitic stage such remaining magnesium may crystallize in 
the form of magnesium-bearing minerals, particularly as phosphates 
and arsenates, but a part still remains in solution right to the hydro- 
thermal stage, during which it will crystallize as magnesite, often in 
the form of magnesite veins. If the magnesium-bearing hydrothermal 
solutions come into contact with calcium carbonate, either dolomite 
or magnesite will be formed, depending on the supply of magnesium 
which is available. Brucite may also crystallize from hydrothermal 
solutions in the absence of carbonates. 
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CHAPTER 15 


THE ALKALINE-EARTH METALS: CALCIUM, 
STRONTIUM, BARIUM 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

T HE alkaline-earth metals belong to the second column of the 
Periodic System. This group also includes radium, which re- 
sembles the other members chemically. However, it is radioactive 
and consequently will be treated separately (see chap. 46). Calcium, 
strontium, and barium form a very closely coherent group as regards 
their chemical properties and manner of occurrence in Nature. 

The abundance of calcium, strontium, and barium is presented in 
Table 15.1. The values given in this table are from the following 
sources: calcium in silicate meteorites from Merrill (1916), recalcu- 
lated by Goldschmidt (19376) ; calcium in igneous rocks from Clarke 
and Washington (1924) ; strontium in silicate meteorites from Hevesy 
and Wiirstlin (19346), recalculated by Goldschmidt (19376); stronti- 
um in igneous rocks from Noll (1934); barium in silicate meteorites 
from von Engelhardt (1936), recalculated by Goldschmidt (19376); 
barium in igneous rocks from von Engelhardt (1936). In addition, 
Table 15.1 contains some other abundance values for strontium and 
barium in igneous rocks; they show the presence of regional differ- 
ences in the content of these metals in the upper lithosphere, as was 
suggested by Holmes and Harwood (1932). 

Table 2.2 shows that calcium is one of the eight main elements of 
the upper lithosphere. It is nearly twice as abundant in igneous rocks 
as in silicate meteorites. In the Sun’s atmosphere, however, the abun- 
dance of calcium is relatively low. Both strontium and barium are 
considerably more abundant in igneous rocks than in silicate mete- 
orites, and a comparison of their atomic abundance values shows that 
they are enriched in the solar atmosphere in relation to calcium (see 
Table 2.3). The reason is the impoverishment of the solar atmosphere 
in calcium. 

The abundance relationships of strontium and barium are of con- 
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siderable interest geochemically . Figure 2.2 shows that the cosmic 
abundance of elements decreases in accordance with the increase in 
the atomic number. This rule is valid also with respect to most 
groups and subgroups of the Periodic System, even though there are 
some notable exceptions, discussed in chapter 2. According to this 
rule, the abundance decreases in the following pairs of elements: 
Rb-Cs, Y-La, Zr-Hf, Cb-Ta. In the pair Sr-Ba, on the other hand, 
barium is more abundant than strontium in igneous rocks, in respect 
to both the absolute abundance and the atomic abundance. In sili- 
cate meteorites, however, strontium is more abundant than barium, 
and, according to Figure 2.2, strontium, at any rate, is cosmically 
more abundant than barium. 


TABLE 15.1 

Abundance of Calcium, Strontium, and Barium 


Material 

Ca 

Sr 

Ba 

g/ton 


Silicate meteorites 

17,300 

26 

9 

Igneous rocks 

36,300 

150 

250 

Plutonic rocks (Hevesy and Wiirstlin, 1934) . . 


110 


Igneous rocks (Troger, 1934) 

Igneous rocks, Dutch East Indies (van Tongeren, 


300 


1938) 


460 

670 

Igneous rocks, Sweden (Lundeg&rdh, 1946) 


175 



Geochemically, the alkaline-earth metals are strongly lithophile. 
In meteorites some calcium combines with sulfur and forms the 
meteorite mineral, oldhamite. However, this compound is not stable 
in terrestrial surroundings. The formation of oldhamite is due to the 
fact that the heat of formation of calcium sulfide, and of calcium 
compounds in general, is relatively high, even higher than the heat 
of formation of sulfides of other metals present in the meteorites. 
Therefore, calcium in particular combines with sulfur. Moreover, the 
redox potential in meteorites is remarkably low, and therefore the 
calcium sulfide will not be oxidized, as it undoubtedly would be if 
formed in igneous rocks. 

In the upper lithosphere calcium, strontium, and barium are 
strongly oxyphile. 

Owing to its great importance in the biosphere, calcium is a bio- 
phile element. 
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CALCIUM MINERALS 

Like magnesium, calcium forms some simple compounds in igneous 
rocks, but most of its compounds are chemically rather complicated. 
Referring to the silicates of calcium, the following compounds crys- 
tallize in the system CaO-Si0 2 : 

Ca0*Si02 or CaSi0 3 (wollastonite) 

£CaO*Si0 2 or Ca 2 Si 04 (larnite) 

3Ca0*Si0 2 or Ca 3 SiC >5 
3Ca0‘2Si0 2 or CasSi^ (rankinite) 

All but one of these compounds occur as minerals. The crystal struc- 
ture of larnite is unknown. The metasilicate, CaSi0 3 , occurs as tri- 
clinic wollastonite and monoclinic para wollastonite; the latter is 
formed from wollastonite by internal twinning. The silicon-oxygen 
framework of wollastonite consists of independent rings of three 
Si-0 tetrahedra, and consequently the structure of wollastonite is 
Ca 3 [Si 3 0 9 ]. 

Wollastonite, parawollastonite, and larnite are but rarely formed 
as primary products of magmatic crystallization. They occur as skarn 
minerals at igneous contacts in limestones. Larnite is very rare. 
Therefore, calcium, unlike magnesium, usually is unable to crystal- 
lize from rock melts in the form of simple ortho- and metasilicates. 
The well-pronounced tendency of calcium to form complex silicate 
minerals with other metals completely dominates its manner of oc- 
currence in igneous rocks. 

The most important complex silicates of calcium are the following: 

Monticellite, CaMg[Si0 4 

Glaucochroite, CaMn[Si0 4 

Grossularite, CasAkfSiO, 

Andradite, Ca 3 Fe 2 [Si0 4 

Uvarovite, Ca 3 Cr 2 [Si 04 

Diopside-hedenbergite series 

Augite series 

Hornblende 

Actinolite 

Epidote-zoisite group 

The calcium micas 

Anorthite, CaJAhShOg] 

The orthosilicates monticellite and glaucochroite and the calcium 
micas are rare. Margarite, CaAl 2 [(OH) 2 1 Al 2 Si 2 Oio], and clintonite, 
Ca(Mg,Al) 3 - 2 [(OH) 2 1 Al 2 Si 2 Oio], are the most important calcium 
micas. Owing to their rarity, they do not possess any geochemical 
importance. Moreover, they are found only in metamorphic rocks. 
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The most important carrier of calcium in igneous rocks is anor- 
thite, the pure lime feldspar at the calcium end of the plagioclase series . 
It belongs structurally to the tectosilicates. Calcium is, in addition, the 
main metallic constituent of some other tectosilicates, among others, 
some f eldspathoids : cancrinite, (Na2,Ca) 4 [C0 3 1 (H 2 0)o-3| (AlSi0 4 ) 6 ]; 
and hauynite, (Na,Ca) 8 - 4 [(S0 4 ) 2 -i | (AlSi0 4 ) 6 ] ; members of the scapo- 
lite group; and many zeolites: laumontite, Ca[AlSi 2 0 6 ] 2 ^HaO, heu- 
Iandite, Ca[Al 2 Si 6 0i6] -5H 2 0, and several others. Because the co-ordi- 
nation number of Ca 2+ in regard to oxygen (usually 8) is greater than 
the co-ordination number of Mg 2+ , the reason being the greater size 
of the former ion, the incorporation of calcium in the tectosilicate 
framework results in an electrically neutral structure. Magnesium, on 
the other hand, cannot form a stable structure. This is the reason why 
calcium is found in both femic and salic constituents of igneous rocks. 

There are several other silicate minerals of calcium of less geochem- 
ical importance. Hydrous calcium silicates are known, e.g., hille- 
brandite, Ca 2 [Si0 4 ] -H 2 0, and riversideite, CaSi0 3 -JH 2 0. The boro- 
silicates include, among others, danburite, Ca[B 2 Si 2 08], and datolite, 
Ca[0H|BSi0 4 ]. Melilite, (Ca,Na) 2 [(Al,Mg)(Si,Al) 2 07], is rather com- 
mon in some basic igneous rocks. Idocrase (vesuvianite), a complex 
Ca-Mg-Fe-Al silicate, is common as a contact mineral in limestones. 

The most important nonsilicate minerals of calcium are the fol- 
lowing : 

Calcite, aragonite, vaterite, CaC0 3 
Dolomite, CaMg[C0 3 ] 2 

Gypsum, Ca[S0 4 ] • 2H 2 0 

Anhydrite, Ca[S0 4 ] 

Fluorite, CaF 2 

Apatite group 

Calcite and aragonite are the two common forms of calcium car- 
bonate. Gypsum and anhydrite are quantitatively important among 
the evaporate sediments. There are many calcium minerals of more 
limited geochemical significance. The simple chloride, CaCl 2 , is not 
found as a mineral because of its high solubility. The complex chlo- 
ride hydrophilite, KCaCl 3 , occurs as a constituent of some lavas. 
Prosopite, Ca[Al(F,OH) 4 ] 2 , is found in pneumatolytic rocks. Pachno- 
lite and thomsenolite, NaCa[AlF 6 ] -H 2 0, are alteration products of 
cryolite. 

The oxide minerals containing calcium include, among others, 
perovskite, CaTi0 3 , and a number of columbium- and tantalum- 
bearing members of the perovskite and pyrochlore groups (see chap. 
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26). Many calcium-bearing phosphate minerals are known along with 
apatite. Collophane is a microcrystalline apatite which usually con- 
tains F and C0 3 groups. It is the chief constituent of phosphorite. 
Brushite, CaH[P0 4 ] is a constituent of guano. Autunite, 

Ca[U0 2 |P0 4 ]2-8H 2 0, is a member of the uranite group. There are 
several arsenates of calcium, e.g., tilasite, CaMg[E| As0 4 ], which is 
isotypic with sphene, and pharmacolite, CaH[As0 4 ] *2H 2 0, an alter- 
ation product of arseniferous sulfide minerals. Vanadates, molybdates, 
and tungstates of calcium occur in Nature: rossite, Ca[V 2 0 6 ] *4H 2 0, 
and metarossite, Ca[V 2 0 6 ] -2H 2 0, which occur in some sandstones, 
are of secondary origin. Scheelite, Ca[W0 4 ], is an important ore of 
tungsten. Powellite, Ca[Mo0 4 ], is the molybdate of corresponding 
composition. Ankerite, Ca(Mg,Fe)[C0 3 ] 2 , is a hydrothermal mineral 
which is often associated with dolomite. 

The calcium-bearing evaporate minerals of marine origin also in- 
clude glauberite, Na 2 Ca[S0 4 ] 2 ; polyhalite, K 2 Ca 2 Mg[S0 4 ] 4 *2H 2 0; and 
tachyhydrite, 2MgCl 2 • CaCl 2 • 12H 2 0. Pirssonite, Na 2 Ca[C0 3 ] 2 *2H 2 0, 
and gaylussite, Na 2 Ca[C0 3 ] 2 *5H 2 0, are important among the calci- 
um-bearing evaporate minerals of closed basins. The calcium-bearing 
borate minerals are discussed in chapter 16. Other evaporates include 
nitrocalcite; probably Ca[N0 3 ] 2 -4H 2 0, which is found in many lime- 
stone caverns; lautarite, Ca[I0 3 ] 2 ; and dietzeite, Ca 2 [Cr0 4 | (I0 3 ) 2 ], 
which occur in the nitrate deposits of Chile. 

CALCIUM IN IGNEOUS ROCKS 

The behavior of calcium during normal magmatic differentiation 
is illustrated by Daly’s (1933) analyses quoted in Table 5.32. The 
early magmatic segregations, which consist chiefly of Mg-rich olivine 
and enstatite, carry practically no calcium, which remains in the 
residual melt. Depending on the composition of the melt, calcium 
sometimes becomes separated during the earliest stage of crystalliza- 
tion in calcic plagioclase. Anorthosites are thereby formed. Starting 
with the beginning of the main stage of crystallization, much calcium 
becomes incorporated in the structures of minerals which crystallize 
from all types of magmas. The content of calcium attains a maximum 
during the initial steps of the main stage and decreases regularly to- 
ward the end of the differentiation. 

The relatively early separation of calcium during differentiation is 
caused by the fact that anorthite becomes stable at a higher temper- 
ature than albite. It must be emphasized that during the crystalliza- 
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tion calcium is always separated in the form of the aluminosilicate 
plagioclase, whereas the corresponding calcium-aluminum silicate, 
grossularite, never forms during the crystallization. As a matter of 
fact, the minerals of the garnet group are not found in igneous rocks, 
with the exception of the py rope-rich garnet of the eclogites. The 
pegmatites are sometimes garnetiferous, but they contain almandite, 
which often is relatively rich in manganese. Grossularite is complete- 
ly irrelevant to igneous rocks, and it is found only as a skarn mineral, 
that is, in surroundings which are exceptionally high in calcium. The 
manner of occurrence of plagioclase and grossularite shows that the 
tectosilicate framework of the plagioclases is considerably more 
stable than is the nesosilicate framework of the garnets. Because cal- 
cium is always able to enter the tectosilicate structure of the plagio- 
clases, no calcium garnet is formed in igneous rocks. 

Clarke’s (1924) calculations show that the pyroxenes and the am- 
phiboles are the most important femic constituents of igneous rocks 
(see Table 5.16). Referring to the average calcium content of py- 
roxenes and amphiboles of dioritic rocks and to the average calcium 
content of igneous rocks, it may be calculated that approximate- 
ly one half the total amount of calcium found in igneous rocks 
is present in the femic constituents and that the other half is con- 
tained in the salic constituents (feldspars). The conclusion fol- 
lows that calcium is incorporated in tectosilicates as readily as in the 
silicates with chain and ladder structures. The phyllosilicate struc- 
ture of the micas, on the other hand, is rather uninviting to calcium 
— a conclusion derived from the rarity of the calcium micas. 

According to the discussion presented above, calcium is one of the 
principal cations in the main constituents of igneous rocks. In addi- 
tion, it is an important constituent in many accessory minerals, e.g., 
in apatite, sphene, and fluorite. Apatite and sphene are among the 
first minerals to crystallize during the formation of igneous rocks, 
whereas fluorite regularly crystallizes last and fills the interstices be- 
tween the earlier minerals. 

CALCIUM IN THE BIOSPHERE 

Calcium is an invariable constituent of all plants. It is essential for 
the growth of nearly all plants, which contain it both as a structural 
constituent and as a physiological ion. The Ca 2 + ion counteracts the 
toxic effects of K + , Na + , and Mg 2+ . Calcium carbonate is important 
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in regulating the acidity of soil, and therefore it affects the growth 
of plants. 

Calcium is always found in animals, in which it occurs in internal 
and external skeletal structures, soft tissues, and tissue fluids. The 
bones of vertebrates contain calcium as tricalcium phosphate, cal- 
cium carbonate, and calcium fluoride. In some lower animals the 
skeletal calcium may be partly replaced by magnesium or totally by 
silicon. The importance of calcium in animals as a structural con- 
stituent is based on its abundance and on the low solubility of the 
three calcium salts listed above. Calcium is essential in many bio- 
logical functions of the vertebrates. 

The calcium oxalate, whewellite, Ca[C 2 0 4 ] *H 2 0, is common in car- 
bonaceous materials. A calcium citrate, earlandite, Ca3[C6H 5 0 7 ] 2 * 4H 2 0, 
is also reported to occur in Nature. 

CYCLE OF CALCIUM 

During chemical weathering the calcium-bearing minerals decom- 
pose, and their calcium goes into solution as bicarbonate. However, 
some calcium is temporarily retained in the zone of weathering as 
carbonate or sulfate. The content of calcium in the various materials 
formed during the exogenic cycle is presented in Table 15.2, which 
is based on information contained in Tables 2.3, 5.52, and 6.7. 

The values presented in Table 15.2 show that the content of calci- 
um in the hydrolyzate sediments (shales) is lower than the calcium 
content in igneous rocks, the difference of the percentages being ap- 
proximately 1.5. The Na:Ca ratios show no very marked change 
when the igneous rocks and the shales are compared with each other. 
Therefore, it is evident that calcium, in analogy to sodium, cannot be 
notably adsorbed in clays, and consequently the bulk of calcium lib- 
erated during the weathering does not become incorporated in the 
hydrolyzates. 

The Na:Ca ratios presented in Table 15.2 emphasize the pro- 
nounced difference between river and sea w r ater. Calcium liberated 
during weathering goes into solution as bicarbonate, Ca(HC0 3 )2. 
From this compound calcium is precipitated readily as carbonate, 
which redissolves with like readiness, and finally all calcium is trans- 
ported into the sea. Calcium is not precipitated as hydroxide until 
about pH = 11, and therefore this compound does not exist in Na- 
ture. In lake and river waters calcium far exceeds sodium. In the sea, 
however, their abundance relationship is just the reverse, and sodium 
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preponderates. The explanation of the predominance of calcium in 
river waters is that it is derived, in large part, from limestones and 
other rocks containing calcium carbonate and from the calcium- 
bearing salt deposits. These rocks are relatively abundant in the geo- 
logical column, and, moreover, they dissolve and disintegrate more 
readily than do the igneous rocks. In addition, among the plagioclase 
feldspars, which undoubtedly carry the bulk of calcium present in 
igneous rocks, the calcic members decompose more readily than do 
the sodic members. Pure albite is chemically more resistant than 
pure anorthite. 

The low content of calcium in the salts dissolved in sea water af- 
fords convincing proof of the removal of calcium from the sea. In 

TABLE 15.2 

Content of Sodium and Calcium and the Na:Ca 
Ratio in the Minor Cycle 


Material 

Na 

Ca 

Na'Ca 

Per Cent 

Igneous rocks . 

2 83 

3 63 

0 78 

Dissolved solids in lake and river waters . . . 

5 79 

20 39 

0 28 

Dissolved solids in sea water „ 

30 62 

1 15 

26 63 

Argillaceous sediments (shales) 

0 97 

2 23 

1 0 43 


this respect calcium deviates pointedly from sodium, which accumu- 
lates in sea water. The comparatively low content of calcium in the 
hydrolyzates shows that calcium is not deposited therein. It is pre- 
cipitated, nearly quantitatively, in the carbonate sediments, most of 
which are precipitates. Calcium is, as a matter of fact, the most im- 
portant cation of the precipitate sediments. In addition, the marine 
evaporates are calcium-bearing. They contain calcium usually in the 
form of sulfate, and only small amounts of double salts, e.g., car- 
bonates, are present. Still another part of calcium may be deposited 
as phosphate and as fluoride. 

CALCITIC LIMESTONES 

Calcitic limestones, which may contain more than 90 per cent 
CaC0 3 , are, along with the highly siliceous sediments, the purest 
substances produced in Nature during the cycle of weathering and 
redeposition. In fresh water the deposition of calcium carbonate 
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probably is almost exclusively caused by the escape of carbon dioxide 
from water into the atmosphere. Calcium carbonate may also be 
deposited when aquatic plants consume carbon dioxide from water 
or from the calcium bicarbonate. Thereby the carbonate becomes 
deposited, and the deposition, in part, takes place on the plants. 

The formation and solution of calcium carbonate constitutes part 
of the carbon dioxide equilibrium in the sea (see chaps. 6 and 19). 
Schloesing (1872) was the first to prove, by experiment, that the 
solubility of calcium carbonate in water depends on the content of 
carbon dioxide in the gaseous phase in equilibrium with the aqueous 
phase. Wattenberg (1936) has explained the effect of carbon dioxide 
on the solubility of calcium carbonate on the basis of the equilibrium 
which exists between the solid calcium carbonate and the Ca 2+ and 
CO3” ions found in solution : 

CaC0 3 [Ca 2+ ] + [CO|i . 

(solid) 

The hydrogen ions generated in the dissociation of carbonic acid are 
largely united with the carbonate ions to produce bicarbonate ions, 
HCO7, which are only sparingly dissociated. This process disturbs 
the calcium carbonate equilibrium, and additional calcium carbonate 
is dissolved until the solubility product of calcium carbonate reaches 
its previous value; the concentration of the calcium ions increases. 

Calcium carbonate removed from sea water forms the bulk of all 
carbonate sediments. Approximately one-fifth of the total sediments 
annually deposited in the sea consists of calcium carbonate. Accord- 
ing to Kuenen (1941), the recent deep-sea deposits contain about 15 
per cent CaO, and all sediments formed contain approximately 12.5 
per cent CaO. 

The precipitation of calcium carbonate in the sea takes place in 
many different ways. Some calcium carbonate is precipitated by 
physical means from colloidal solutions or when the fine calcium car- 
bonate particles carried in suspension settle or when the detrital, 
coarse-grained calcium carbonate carried to the sea by rivers is de- 
posited. 

The quantity of calcium carbonate which may exist in solution in 
sea water is limited by the solubility of calcium carbonate. When sea 
water becomes supersaturated with respect to calcium carbonate, 
precipitation of the excess will take place. The deposition of calcium 
carbonate is, in part, a purely inorganic phenomenon. However, the 
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mechanism of the inorganic precipitation of calcium carbonate and 
its cycle in the sea are still known incompletely. Johnston and Wil- 
liamson (1916) pointed out that the surface layers of the warm seas 
are substantially saturated with calcium carbonate, and, according 
to Wattenberg (1936), the surface layers of the whole ocean are con- 
stantly supersaturated with this compound. The reason is that equi- 
librium with both atmospheric carbon dioxide and solid calcium car- 
bonate is not attained in the surface layer of the ocean. When the 
water has attained approximate equilibrium with the carbon dioxide 
in the atmosphere, the surface layer is in a metastable state with re- 
spect to calcium carbonate. On the other hand, if equilibrium has 
been attained with respect to solid calcium carbonate, when the 
water is brought into contact with it, calcium carbonate will precipi- 
tate, the partial tension of carbon dioxide in water will increase, and 
part of the carbon dioxide will be given off to the atmosphere. In the 
metastable state calcium carbonate is precipitated only in the pres- 
ence of crystallization nuclei. The number of the nuclei in the upper- 
most layer of the whole ocean is so small that the precipitation neces- 
sarily must be very slow. Therefore, the upper layers of the sea en- 
deavor to attain equilibrium with the atmosphere. 

In tropical seas the supersaturation may be as high as 300-700 per 
cent. Equilibrium is attained at a depth of approximately 150 m. The 
deep waters, beginning with a depth of approximately 2,500 m, con- 
tain more calcium carbonate than do the surface waters. This is due 
to the solution of calcium carbonate from the settling calcareous 
organisms and from the bottom sediments. If there is an adequate 
supply of calcium carbonate available, the deeper waters may be- 
come completely saturated with it. However, with increasing depth, 
the water becomes undersaturated, and at great depths it is always 
undersaturated and consequently able to dissolve calcium carbonate. 
The red clay is formed as an insoluble residue when calcium carbon- 
ate is dissolved from the bottom deposits. 

The lower temperature and the increased carbon dioxide content 
of the deep waters are the cause of the solution of calcium carbonate. 
The bottom currents carry the calcium bicarbonate in solution to 
places in which it is reprecipitated, owing to chemical or biological 
causes. Therefore, the bottom sediments are largely regenerated. 

The solubility of calcium carbonate in sea water depends on sever- 
al factors, viz., temperature, the partial pressure of carbon dioxide in 
water, the pH, and the content of other dissolved substances. The 
466 



THE ALKALINE-EARTH METALS 

solubility of calcium carbonate decreases with increasing tempera- 
ture and pH and increases with an increase in the partial pressure of 
carbon dioxide. The solubility decreases if other calcium salts are 
brought into solution. It increases with an increase in the concentra- 
tion of other neutral salts in solution. The higher the salinity, the 
more readily may the water become supersaturated with calcium 
carbonate. 

Even small changes in temperature and in the partial tension of 
carbon dioxide in sea water may have far-reaching effects, as John- 
ston and Williamson (1916) have shown. They consider a current of 
sea water, saturated with calcium carbonate at a temperature of 
15° C., which rises to the surface and is slowly warmed. They further 
presume that the current, after traveling 1,000 km in the sea, is 
warmed up to 20° C. and that the depth of the current is 100 m and 
its velocity 27.4 km in 24 hours. The increase in temperature causes 
a decrease in the solubility of gaseous carbon dioxide, with a subse- 
quent decrease in its content in sea water; and therefore a part of the 
calcium carbonate is precipitated, which amounts, according to cal- 
culations, to 2 mm annually on the strip covered by the current. This 
corresponds to about 5 - 10 6 kg-cm~ 2 annually; the estimate is 
probably a minimum. The precipitation of calcium carbonate may 
also take place in a limited area, and therefore the thickness of the 
deposit is greater than in the previous example. Consequently, it is 
evident that very notable amounts of calcium carbonate may be 
locally deposited. The Florida and Bahama marine calcareous de- 
posits, which consist of aragonite, are partly precipitated from sea 
water saturated with calcium carbonate. However, the calcium car- 
bonate may be redissolved in the deep waters. Therefore, it follows 
that the inorganic precipitation of calcium carbonate evidently takes 
place in certain regions of the sea, especially in the supersaturated 
waters of the lower latitudes, and the precipitated carbonate is re- 
dissolved in other areas. 

Seasonal changes in the physical and chemical properties of sea 
water affect the degree of supersaturation with calcite in the sea. Ac- 
cording to Buch (1940), water in the northern part of the Baltic, in 
the Gulf of Finland, and in the Gulf of Bothnia is slightly supersatu- 
rated with calcium carbonate during the summer months and ab- 
sorbs carbon dioxide from the atmosphere. During the fall the degree 
of supersaturation decreases, and the water gives off carbon dioxide 
to the atmosphere. The reason is that temperature decreases and the 
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acid deep waters rise to the surface. During the winter both tempera- 
ture and pH remain rather stable, and the carbon dioxide system of 
the sea attains equilibrium with the carbon dioxide in the atmos- 
phere. The water is acid, and it is more undersaturated with calcium 
carbonate, the lower the salt content is. In the spring the growth of 
the phytoplankton sets in, assimilation of carbon dioxide starts, and 
the water grows alkaline. Therefore, the strong undersaturation is 
gradually compensated. 

Micro-organisms may also establish conditions which are favorable 
for the precipitation of calcium carbonate, particularly in some tropi- 
cal regions of the sea. However, these micro-organisms are not direct- 
ly responsible for the precipitation. They produce ammonia, which 
acts as a precipitating agent. It may cause the precipitation of cal- 
cium carbonate directly by increasing the pH, or it may react with 
carbon dioxide to form ammonium bicarbonate, which then precipi- 
tates calcium as carbonate, as follows: 

2NH 3 + H 2 0 + C0 2 (NH 4 ) 2 C0 3 ; 

(NH 4 ) 2 C0 3 + CaS0 4 -» CaC0 3 j + (NH 4 ) 2 S0 4 . 

Ammonia may also directly react with dissolved calcium bicarbon- 
ate, thus : 

2NH 3 + Ca(HC0 3 ) 2 CaC0 3 J. + (NH 4 ) 2 C0 3 . 

In addition, bacteria may decompose organic compounds containing 
calcium, whereby calcium carbonate is produced by carbon dioxide 
formed during the decomposition. 

On the other hand, carbon dioxide produced during the decay of 
organic substances may cause the partial solution of calcium carbon- 
ate. In like manner, carbon dioxide produced by respiration causes a 
decrease in pH and solution of calcium carbonate. When proteins are 
decomposed, ammonia in excess over carbon dioxide may be pro- 
duced, and thus the solution is rendered basic and calcium carbonate 
may precipitate. These processes, along with changes in temperature 
and in partial tension of carbon dioxide, affect the solubility of calci- 
um carbonate and cause recrystallization, by which the calcareous 
muds are converted into limestones. 

Still another manner of formation of the carbonate sediments is 
directly connected with marine organisms and is of high geochemical 
importance. Calcium and magnesium carbonate and, partly, calcium 
sulfate and phosphate are found as constituents of the hard parts of 
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many marine organisms, both plants and animals. Some analyses 
showing the chemical composition of the skeletal material of marine 
organisms were given in Table 8 . 3 . The calcareous remains of marine 
organisms are important constituents of marine sediments, some of 
which are nearly totally composed of calcareous material. Fresh- 
water shells are mostly aragonite, but the skeletal and protective 
parts of the structures of marine organisms consist either of calcite 
or of aragonite. Vaterite, the third modification of calcium carbonate, 
is believed to be the first form of CaC0 3 usually to be formed in the 
shells of gastropods. It is converted into aragonite, which is unstable 
in the presence of calcite and water and thus usually does not persist 
in the sea. However, it is not known whether aragonite is selectively 
dissolved or whether it is converted into calcite after the death of the 
organisms. Photosynthetic activity favors the development of cal- 
careous structures by removing carbon dioxide and thereby increas- 
ing the concentration of the carbonate ions. It is probable that an in- 
crease in the salinity of water affects the organic precipitation of cal- 
cium carbonate because the content of calcium carbonate in marine 
sediments increases with increasing salinity of the surface water 
(Trask, 1937 ). The details of the mechanism by which marine organ- 
isms separate calcium carbonate are still unknown. Precipitation by 
organisms does not require the water to be saturated with calcium 
carbonate. According to Clarke and Wheeler ( 1922 ), the algae as 
limestone-builders are far more important than the corals. The role 
of pelagic animals is unimportant, but the remains of the bottom 
fauna, particularly in the lower latitudes, may form an important 
proportion of the calcareous sediments. 

Deposits high in calcareous structures are generally restricted to 
tropical areas, in which the degree of supersaturation with calcium 
carbonate is high. More calcium carbonate is separated by organisms 
in the warm seas of the lower latitudes than in the cold polar seas. 
Increased temperature favors the replacement of calcium by mag- 
nesium in the structures, but at low temperatures strontium seems 
to substitute for calcium. 

Mechanical disintegration also seems to play a role in the deposi- 
tion of carbonate sediments in the sea. The finely divided calcium 
carbonate which is found in some deep-sea sediments is believed to 
be produced from shells of foraminifers. In near-shore waters cal- 
careous shells crushed by wave motion may act as crystallization 
nuclei, 
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Whether the inorganic or the organic processes play the dominat- 
ing role in the production of the carbonate sediments still remains a 
matter of controversy. According to Vernadsky (1924), practically 
all marine carbonate sediments are of organic origin. Several author- 
ities think, however, that the bulk of the limestones are, instead, of 
inorganic origin, although they often carry notable quantities of cal- 
cium carbonate deposited by organisms. At any rate, it seems to be 
reasonable to assume that, before the Cambrian, calcium carbonate 
was precipitated by inorganic means and that, thereafter, biological 
precipitation and accumulation took place on an increasing scale. 
According to the most recent statements, it is probable that most 
calcitic limestones are of organic origin (Twenhofel, 1939; Buch, 
1946) or that the biogenic limestones are more common than the 
limestones formed by inorganic processes (Correns, 1943) . Although 
aragonite is precipitated inorganically, its amount is very low (Buch, 
1946). 

When ground waters and thermal waters ascend to the surface, 
they often precipitate calcium carbonate as calcite or aragonite. Car- 
bon dioxide contained in the waters is liberated because of release of 
pressure or agitation, or it is consumed in the biochemical activity of 
algae, and thereby calcium carbonate is deposited. The sediments 
formed are called calcareous tufas or sinters and travertines, and they 
may sometimes form beds of notable extent. 

When natural waters evaporate, the dissolved salts are precipitat- 
ed. Calcium sulfate deposits are found around some spiings. Calcium 
carbonate may be largely deposited before the other dissolved sub- 
stances separate. Aragonite and calcite are among the first sub- 
stances to precipitate on evaporation of saline waters. Calcium car- 
bonate is also deposited in caves, largely owing to evaporation. It is 
also precipitated, along with other salts, from rising ground waters 
on, or immediately beneath, the surface in arid and semiarid regions. 

STRONTIUM AND BARIUM IN IGNEOUS ROCKS 

Strontium and barium are among the most abundant trace elements 
of the upper lithosphere. They are geochemically characterized by 
the fact that, notwithstanding their relatively high abundance, they 
only exceptionally form independent minerals in igneous rocks. No 
independent strontium mineral is known which is formed during the 
main stage of crystallization. The strontium minerals proper belong 
to the pegmatitic-pneumatolytic and hydrothermal stages of crystal- 
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Iization, and even in rocks formed during these stages they are rare. 
The bulk of strontium and barium is concealed in the rock-making 
minerals of igneous rocks. Although strontium and barium chemical- 
ly resemble each other and calcium rather closely, their manner of oc- 
currence in igneous rocks shows considerable difference. Strontium 
accompanies calcium constantly in minerals and rocks of both igne- 
ous and sedimentary origin. It also replaces potassium in many min- 
erals, preferably in those of igneous origin, but the strontium-potas- 
sium diadochy is not very extensive. Barium, on the other hand, does 
not generally replace calcium but is extensively substituted for po- 
tassium. The reason for the replacement of calcium in igneous rocks 
by strontium but not by barium is the ionic size. The radii of the 
ions in question are shown in the accompanying tabulation. 

Ion Radius in kX 

Ca 2+ 1.06 

Sr 2 + i.n 

K+ 1.33 

Ba 2 + 1.43 

The Ba 2+ ion is too big to occupy the place of the Ca 2+ ion. in mineral 
structures, and for the same reason it cannot substitute for Mg 2+ 
(radius 0.78 kX) and Fe 2+ (radius 0.83 kX). On the other hand, the 
difference between the sizes of Sr 2+ and Ca 2+ is considerably smaller. 
Therefore, strontium, in low concentrations, is more evenly distribut- 
ed in all igneous rocks than is barium. Both Sr 2+ and Ba 2+ may sub- 
stitute for K + because the radius of K + is intermediate between the 
radii of the former two ions. Actually, because of the smaller differ- 
ence in the ionic size, the substitution of potassium by strontium 
takes place more readily than does the replacement of potassium by 
barium. 

Sr 2+ may also replace Ba 2+ in barium minerals and Pb 2+ (radius 
1.32 kX) in some lead minerals. Cerussite may contain as much as 
3.15 per cent SrO. However, these possibilities of substitution are of 
little geochemical importance. 

The feldspar structure is undoubtedly the most important habitat 
of strontium and barium in igneous rocks. Strontium is present both 
in the plagioclases and in the potash feldspars, but significant 
amounts of barium are found only in potash feldspar. Eskola (1922) 
showed that the two metals form artificial feldspars, which are analo- 
gous to anorthite. However, only the barium feldspar occurs in Na- 
ture as celsian, Ba[Al 2 Si 2 0 8 ], and hyalophane, the barium-bearing 
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adularia, (K,Ba)[Al(Al,Si)Si 2 0 8 ]. The mix-crystals of orthoclase and 
celsian range continually from OrssCeis to Or 67 Ce 33 . Also the stronti- 
um feldspar forms a series of isomorphic mixtures with orthoclase. 
The substitution of K + in the feldspar structures by Sr 2 * 1 * and Ba 2+ 
is analogous to the Na+-Ca 2+ diadochy. Therefore, one may expect 
that, during the crystallization of potash feldspar, mix-crystals rela- 
tively rich in strontium and barium are the first to separate and that 
pure orthoclase is formed during the later stages of crystallization. 
Noll (1934) and von Engelhardt (1936) have showm that the content 
of strontium and barium in potash feldspar really depends on the 
temperature of formation. The potash feldspars formed during the 
early steps of the crystallization interval contain, as a rule, more 
strontium and barium than do the potash feldspars last to crystallize, 
in which potassium is relatively enriched. The sanidine phenocrysts 
of volcanic rocks, which were the first minerals to separate during the 
crystallization, are rich in strontium and barium. Noll (1934) reports 
the following contents : 

Material (g/Um) 

Sanidine from trachyte, Drachenfels, 


Germany 4,100 

Trachyte, Drachenfels, Germany 680 


These analyses show that the bulk of the strontium goes into the 
potash feldspar. According to von Engelhardt (1936), sanidine from 
trachyte contains a maximum of 14,400 g/ton Ba. However, the 
abundance of barium in the upper lithosphere is too low to allow the 
formation of early-crystallizing barium-rich feldspars which would be 
comparable to the calcic plagioclases, and the analyses given in the 
accompanying tabulation show that potash feldspar is the chief car- 
rier of barium in igneous rocks (von Engelhardt, 1936). 

Material , *A a , 

(g/ton) 

Larvikite, Oslo area, Norway 2,100 

Augite from larvikite, Oslo area, Norway 27-90 
Potash feldspar from larvikite, Oslo area, 

Norway 2,700-9,000 

In the potash feldspars of granite pegmatites and of hydrothermal 
rocks the content of strontium and barium usually is low. Noll (1934) 
reports 340 g/ton Sr in adularia, and von Engelhardt (1936) 170 
g/ ton Ba in amazonite from granite pegmatite. In anorthoclase the 
content is higher: up to 4,800 g/ton Sr and 6,900 g/ton Ba. 

The plagioclase feldspars commonly are strontium-bearing, and 
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the content of strontium usually is between 0.1 and nearly 1 per cent 
(Noll, 1934). The reason for the occurrence of strontium in plagio- 
clase is that the strontium feldspar is isomorphic with anorthite. The 
barium content of plagioclase is rather low: the maximum content 
is 70-90 g/ ton Ba in bytownite (von Engelhardt, 1936). 

Muscovite and biotite come next in importance among the bari- 
um-containing minerals of igneous rocks. Barium replaces potassium 
diadochically in the mica structure. Up to 9 per cent Ba may be 
present in the barian muscovite ollacherite. The barian biotites may 
contain as much as 6.16 per cent Ba. Strontium, on the other hand, 
is less readily incorporated in biotite, phlogopite, and muscovite, 
partly because of their low calcium content. A maximum content of 
4,000 g/ton Sr is reported for biotite. According to von Engelhardt 
(1936), the early -crystallized biotites are rich in barium: a biotite 
from andesite contains 2,800 g/ton Ba. The content is low in biotites 
from the late crystallates. In this respect biotite behaves like potash 
feldspar. Biotite is the chief carrier of barium in diorites and, along 
with potash feldspar, in alkalic rocks. 

The tendency of strontium to replace calcium in mineral structures 
is, furthermore, shown by its presence in apatite and in the calcium- 
bearing pyroxenes and amphiboles. The early magmatic apatites, ac- 
cording to Noll (1934), are very much lower in strontium than are the 
pneumatolytic-hydrothermal apatites because the concentration of 
strontium in the beginning of the crystallization is very low. Noll’s 
analyses to illustrate this point are given in the accompanying tabu- 
lation. The barium content of apatite is low: von Engelhardt found a 

Augite Diorite, Egersund, Norway 


MineraI (g/ton) 

Apatite 255 

Augite 680 

Plagioclase ~850 


content of between 90 and 270 g/ton in this mineral. Up to 940 g/ton 
Sr is present in pyroxenes and amphiboles (Noll, 1934). The content 
of strontium in the calcium garnets is low. 

Eskola (1922) showed that no artificial strontium silicates exist 
that are isomorphic with the calcium silicates which also contain 
magnesium or ferrous iron and that, vice versa, the calcium silicates 
which are isomorphic with strontium and barium silicates contain no 
magnesium or ferrous iron. However, in natural calcium-ferromagne- 
sium silicates the replacement of calcium by strontium is possible, as 
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the analyses of pyroxenes and amphiboles indicate. According to 
Wickman (1943), the structure of augite may shrink, owing to the 
transition of calcium from 8- to 6-co-ordination, and therefore calci- 
um in augite may become substituted by bivalent iron and magnesi- 
um but not by barium. In plagioclase, on the other hand, the struc- 
ture may expand as the co-ordination number increases. Consequent- 
ly, potassium and strontium, in small amounts, may become incor- 
porated in plagioclase. The co-ordination properties of the potash 
feldspars are more favorable, and therefore strontium may become 
enriched in them in relation to calcium. 

Strontium and barium cannot replace the rare-earth metals in 
mineral structures because the substitution of a tripositive ion by a 
bipositive ion is unfavorable to the stability of the structure in regard 
to energy relationships. Strontium accompanies the rare-earth metals 
in many minerals, but it replaces calcium or lead therein. The Sr-TR 
assemblage also occurs in strontianite, SrC0 3 , but in this mineral the 
rare-earth metals are captured by strontium. 

Sahama and Rankama (1938) found that, as a general rule, the 
Finnish granites which are rich in the rare-earth metals contain much 
strontium and relatively much barium. On the other hand, granites 
which are rich in strontium and barium do not necessarily contain 
notable quantities of the rare-earth metals. 

In alkalic rocks the content of strontium and barium in the potash 
feldspars may be very considerable. A content of 2.04 per cent Ba is 
reported in orthoclase from nephelinite. Also in alkalic rocks, stron- 
tium and barium concentrate in the feldspar, although small amounts 
may also be present in the feldspathoids. Noll (1934) found 43 g/ton 
Sr in nepheline and 2 55 g/ton in leucite. He published an analysis 
showing the distribution of strontium in alkalic rocks which is repro- 
duced in the accompanying tabulation. However, in alkalic rocks the 

Lardalite, Love, Norway 


Mineral , r r , 

(g/ton) 

Biotite 8.5 

Nepheline 85-8.5 

Potash feldspar 1 , 700 


feldspars of pegmatites formed from residual melts poor in barium 
also contain less barium. The results of von Engelhardt (1936) in- 
dicate a content of 470 g/ton Ba in the potash feldspar of a peg- 
matitic ditroite. 
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The alkalic rocks form an exception to the rule that independent 
minerals of strontium and barium do not occur in igneous rocks 
formed before the pegmatitic-pneumatolytic stage of crystallization 
has been reached. The strontium and barium minerals found in al- 
kalic rocks include, among others, the following: 

Lamprophyllite, Na 3 Sr 2 Ti 3 [(0,0H,E) | (Si0 4 ) 2 ]2 
Benitoite, BaTi[Si 3 0 9 ] 

Leucosphenite, Na 4 BaTi 2 [Si 10 O 2 7 ] 

Cappelenite, approximately, Ba(La, . . .)6B 6 [Oi 2 (OH) 2 | (Si0 4 ) 3 ] 

Some other minerals of alkalic rocks also are reported to be rich in 
strontium. Borowsky and Blochin (1937) found up to 0.5 per cent 
Sr in zircon and up to 2 per cent in sphene. Apatite contained a max- 
imum of 10 per cent Sr, and 0.6 per cent was present in perovskite. 
The zirconium silicates may contain material amounts of strontium : 
0.4 per cent Sr was found in catapleite and up to 2 per cent in 
eudialite. 

The content of strontium and barium in the various classes of ig- 
neous rocks is given in Table 15.3. The analyses show that the basic 
igneous rocks are the poorest in strontium and barium and that the 
highest content is found in acidic rocks and, particularly, in alkalic 
rocks — syenites and nepheline syenites. According to Noll (1934), 
the syenites, nepheline syenites, and leucite syenites are highest in 
strontium, but in granitic rocks the enrichment is not striking. A very 
remarkable fact in the geochemistry of strontium is that volcanic 
rocks are definitely richer in strontium than are plutonic rocks. 
Hevesy and Wiirstlin (1934) found an average of 110 g/ton Sr in 
plutonic rocks and 330 g/ton in volcanic rocks. Both strontium and 
barium tend to become concentrated in acidic rocks in regard to 
calcium. The results of von Engelhardt (1936) show- that the highest 
content of barium is arrived at in alkalic rocks (syenites and nephe- 
line syenites), the reason being the capturing of barium in potash 
feldspar. The granites, on the other hand, are lower in barium than 
are the syenites. 

In general, the behavior of barium very much resembles the be- 
havior of strontium, and rocks rich in one of the two metals are usual- 
, ly rich in the other as well. However, the content of barium in calc- 
alkalic rocks increases rapidly toward the granites, whereas the con- 
tent of strontium changes relatively little during the differentiation. 

According to Noll (1934), barium, in relation to strontium, is en- 
riched in rocks carrying potash feldspar. The explanation is that Sr 2+ , 
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because of its smaller radius, had already become incorporated in 
mineral structures prior to the crystallization of the potash feldspars. 
In like manner Shimer (1943) found that barium nearly always pre- 
dominates over strontium in the feldspars of granites and of granite 
pegmatites. These observations are quantitatively confirmed by the 
Sr :Ba ratios given in Table 15.3, which show that strontium is 
strongly impoverished in relation to barium in granites. 


TABLE 15.3 

Content of Strontium and Barium in Igneous Rocks 


Rock 

Sr 

Ba 

Sr • Ba 

s/ton 

Noll (1934): 




D unite . . 

0 



German gabbros, composite .... 

170 



German granites, composite .... 

170 



Gabbros (data from literature) 

170 



Diorites (data from literature) . . 

260 



Granites (data from literature) . 

90 



Syenites (data from literature) . . 

600 



Nepheline syenites (data from literature) 

1,200 



Hevesy and Wurstlin (1934): 




Peridotites, eclogites, dunites 

20 



Ultrabasics 

60 



Gabbros .... 

140 



Diorites .... 

170 



Quartz diorites . 

140 



Granites 

120 



von Engelhardt (1936): 




Dunites, pyroxenites . , 


~3 


Gabbros and basalts, anorthosites . ... 


60 


Diorites and andesites 


230 


Granites and lipantes 


430 


Greisen 


160 


Syenites and trachytes . . . 


1,600 


Nepheline syenites and phonolites . . ... 


520 


Southern Lapland ( Sahama , 1945b ): 




Ultrabasics 

~9 

~18 

^0.5 

Gabbros and dolerites 

80 

45 

1 1 78 

Hetta granites 

250 

670 

0 34 

Youngest granites 

90 

630 

0.14 

Syenites 

570 

620 

0 92 

Rapakivi granites, eastern Pennoscandia (Sahama, 




194:5c) 

100 

900 

j 0 11 

Basic igneous rocks, central Roslagen, Sweden (Lunde- 




g&rdk, 1946) 

150 



Acidic igneous rocks, central Roslagen, Sweden (Lun- 




deg&rdh, 1946) 

200 

! 



476 



THE ALKALINE-EARTH METALS 

In granite pegmatites the content of strontium and barium is low. 
However, the two metals, particularly strontium, tend to become 
concentrated during the last stage of magmatic crystallization: they 
form independent minerals in hydrothermal rocks. In this respect 
they behave like calcium, and, in spite of the fact that the bulk of all 
the three metals is removed from the melt during the main stage of 
crystallization, they become rather strongly concentrated after the 
pegmatitic-pneumatolytic stage. The hydrothermal strontium min- 
erals include strontianite, SrC0 3 ; celestite, Sr[S0 4 ]; a number of rare 
complex phosphates and carbonates, e.g., ambatoarinite; probably 
Sr(La, . . ,)[0| (COsJsj; svanbergite, SrAl 3 [(OH) 6 | S0 4 P0 4 ]; and 
hamlinite, SrAl 3 H[(OH) 6 | (PO^]; and the zeolite brewsterite, 
(Sr,Ba,Ca)[Al 2 Si 6 0i6] *5H 2 0, which contains up to 8.5 per cent Sr. 
Other calcium-bearing zeolites may also be rich in strontium, e.g., 
chabazite with 1 per cent Sr (Noll, 1934). Strontium may also replace 
calcium in aragonite, calcite, and fluorite of hydrothermal veins. In 
all these minerals the content of barium, on the other hand, is very 
low. Aragonite and strontianite are isomorphic and form mix-crystals 
(calciostrontianite or emmonite) . Many barites contain a little stron- 
tium. Noll (1934) found about 0.9 per cent Sr in witherite. In thermal 
waters strontium is enriched in relation to calcium, and its content 
therein is higher than the content of barium, because barium sulfate 
is less soluble than strontium sulfate. 

Strontianite and celestite are the most important hydrothermal 
minerals of strontium, but they are not always found in hydrother- 
mal veins. They are much more common in sediments and sedimen- 
tary rocks. 

The hydrothermal barium minerals include, among others, the 
following: barite, Ba[S0 4 ] 5 a common constituent in many metal- 
liferous veins; witherite, BaC0 3 ; hyalophane, which is common 
in dolomite; barylite, Be 2 Ba[Si 2 0 7 ]; the zeolites brewsterite (see 
above), harmotome, (Ba,K 2 ) 2 [Al 4 Siii 03 o] *10H 2 O, and edingtonite, 
Ba[Al 2 Si 3 Oi 0 ] -3H 2 0. In exceptional cases adularia may contain near- 
ly 3 per cent Ba. 

The hydrothermal solutions may also extract barium from sur- 
rounding rocks. The resulting solutions are enriched in barium in re- 
gard to potassium, as they are in calcium in regard to sodium. Thus 
in the series celsian-potash feldspar and in the series anorthite-albite 
the component with the higher melting point is preferably attacked 
and dissolved. The low content of barium in greisen, as compared 
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with the content in granites (see Table 15.3), shows that barium is 
readily removed by fluorine-bearing gases and solutions and becomes 
concentrated therein, finally giving rise to fluorite-barite veins. 

The difference in the ionic size causes the inability of barium to be- 
come incorporated in hydrothermal calcium minerals. It forms inde- 
pendent minerals instead. In this respect barium differs from stronti- 
um. According to von Engelhardt (1936), the hydrothermal fluorites 
contain a maximum of approximately 18 g/ ton Ba, calcite and arag- 
onite no more than 27-90 g/ton. In strontianite the content may be 
up to 2,700-9,000 g/ton Ba. Barian aragonite or alstonite and bary- 
tocalcite, CaBa[C0 3 b, are double salts which barium forms with cal- 
cium because, unlike strontium, it cannot become incorporated in the 
aragonite structure. In some hydrothermal apatites the content of 
barium may be as high as 0. 9-2.7 per cent, but such minerals proba- 
bly contain admixed barium apatite (von Engelhardt, 1936). 

Celestite and barite are the most important ore minerals of stronti- 
um and barium. Strontianite and witherite are of minor importance 
as sources of these metals. 

STRONTIUM ISOTOPES 

The isotope Sr 87 , with an abundance of 7.02 per cent, is one of the 
four stable strontium isotopes. It results in the decay of the radioac- 
tive rubidium isotope lib 87 (see chap. 12). According to Wickman 
(1948), the abundance of Sr 87 in igneous rocks is 20 g/ton; Ahrens 
(19486) reports a much lower value, viz., 2.5 g/ton. Ahrens found 
that in many minerals, particularly in those which are formed during 
the pegmatitic-pneumatolytic stage of crystallization, most of the 
strontium is radiogenic. In all lepidolites, 80-100 per cent of stronti- 
um is radiogenic, and also in amazonite, pollucite, muscovite, biotite, 
and phlogopite Sr 87 is always present in significant quantities. Be- 
cause the proportion of radiogenic strontium sometimes may be ap- 
preciable or because this isotope may even predominate in pegma- 
tites and pneumatolytic rocks, their Ca:Sr and Sr:Ba ratios, accord- 
ing to Ahrens, do not necessarily always represent the original ratio 
of these metals in rocks during the crystallization. However, inmost 
cases when the minerals and rocks formed during the main stage of 
crystallization are dealt with, the Ca:Sr and Sr:Ba ratios may be 
applied without the necessity of making corrections from the rubidi- 
um content or from the abundance ratio of the strontium isotopes. It 
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is therefore safe to conclude with Noll (1984) that the Sr:Ca ratio 
increases toward the end of magmatic crystallization. 

Wickman (1948) has shown that the isotope ratio Sr 87 : Sr 86 may be 
used to calculate the age of certain marine sediments, e.g., limestones 
and anhydrites. 

STRONTIUM AND BARIUM IN THE BIOSPHERE 

Strontium has been found in both terrestrial and marine plants. 
Usually it is not strongly enriched in plant ashes, but plants growing 
in soil underlain by celestite-rich sediments are known to be rich in 
strontium. The content in soil, according to Mitchell (1944), is 50- 
5,000 g/ton Sr. Sometimes strontium is enriched in coal ashes (Gold- 
schmidt and Peters, 1933c). Dinger (1930) found that plants are able 
to convert strontium sulfate into carbonate or bicarbonate. In addi- 
tion, some bacteria may convert strontium and calcium carbonate 
into bicarbonate, which goes into solution. It has been suggested that 
organisms cause precipitation of celestite in sediments. 

Strontium is a microconstituent of terrestrial animals. In soft tis- 
sues its content is low, but it is higher in the bones. However, stronti- 
um is not found to replace calcium in bones. Many marine animals, 
for example, corals, mollusks, and brachiopods, contain strontium. 
The skeleton of a radiolarian consists entirely or almost entirely of 
strontium sulfate. 

Strontium is probably a fellow-traveler of calcium in the biosphere 
and does not have notable physiological importance. 

Barium is sometimes enriched in the ashes of terrestrial and aquat- 
ic plants. In plants it may replace calcium and magnesium. Accord- 
ing to Mitchell (1944), the content of barium in soil is 300-5,000 
g/ton. In the ashes of oak leaves von Engelhardt (1936) found up to 
0.09-0.27 g/ton Ba and 0.027-0.09 g/ton in the ashes of the alga, 
Fucus vesiculosus . A maximum content of 0.9-2. 7 g/ton Ba was pres- 
ent in coal ashes. 

Barium occurs in both terrestrial and marine animals. However, it 
is not taken up by animals in significant concentrations. It does not 
become enriched in the shells of lower organisms ; the content is low 
in the radiolarian and Olobigerina oozes (see Table 15.4). It is claimed 
that some rhizopod protozoans contain small granules of barium sul- 
fate in their protoplasm. It is probable that this barium sulfate has 
been precipitated by organic processes. Barium is able to replace cal- 
cium neither in the shells, which consist of calcite and aragonite, nor 
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in the bones, which consist of hydroxylapatite. In large doses barium 
is poisonous to higher animals. 

Barium, like strontium, probably is a fellow-traveler of calcium 
without much physiological importance. 

CYCLE OF STRONTIUM AND BARIUM 

During weathering, strontium and barium are dissolved as bicar- 
bonates, chlorides, and sulfates. They may migrate as bicarbonate 
and chloride but also as sulfate. Even though barium sulfate is only 
sparingly soluble in distilled water, its solubility increases when hy- 
drochloric acid or chlorides of the alkali metals are present in solu- 
tion. The sulfates and carbonates of strontium and barium are less 
soluble than the corresponding calcium salts. 

Strontium may become precipitated as carbonate through loss of 
carbon dioxide from the bicarbonate-bearing solution and as sulfate, 
owing to the action of sulfuric acid or sulfates on the strontium-bear- 
ing solutions. However, the bulk of strontium migrates into the sea. 
According to Table 15.1, the Ca:Sr ratio in igneous rocks is 242, and 
from Table 6.17 it may be calculated that the ratio in sea water is 
30.8. These numbers show that strontium is strongly enriched in sea 
water in relation to calcium. 

The transfer percentage of strontium is 7.2 (see Table 6.19), and 
consequently strontium is notably concentrated in the sea. It is re- 
moved from sea water into the precipitate and evaporate sediments. 
Some strontium is also extracted, as sulfate, by radiolarians, to be 
used in their shells. Calcite, dolomite, gypsum, and the potassium 
salts, among the two groups of sediments mentioned, do not incorpo- 
rate much strontium to replace calcium and potassium diadochically, 
because of the relatively low temperature of formation of these min- 
erals — hence the lower degree of diadochic replacement than in min- 
erals crystallizing from the magma at elevated temperatures. Thus, 
for example, calcite formed during the main stage of crystallization 
may contain as much as 4,100 g/ton Sr, whereas the sedimentary 
calcites, like those of hydrothermal origin, are very much lower in 
strontium (Noll, 1934). 

Aragonite and anhydrite are the chief carriers of strontium among 
minerals formed during the exogenic cycle. Aragonite contains up to 
4 per cent Sr (Noll, 1934). The strontium content of gypsum and cal- 
cite, although sometimes notable, may be caused by celestite occur- 
ring as an impurity. The substitution of K + by Sr 2+ in potassium min- 

480 



THE ALKALINE-EARTH METALS 

erals of evaporates is impossible because the electrical balance of the 
structure cannot be maintained, owing to the lack of suitable anion 
complexes which could substitute for the chloride and sulfate anions. 
The bulk of the strontium is separated from the brines during the 
first stages of their crystallization and goes into anhydrite and poly- 
halite. According to Noll (1934), polyhalite contains 1,000 g/ton Sr, 
and anhydrite up to 5,900 g/ton, whereas the content in potassium 
salts is negligible — about 1.7 g/ton Sr in carnallite and about 0.2 
g/ton in sylvite. In gypsum formed by the hydration of anhydrite, 
the content found by Noll was 1,100 g/ton Sr, but the sample evi- 
dently contained strontium sulfate as an admixture. 

Contrary to the extreme rarity of strontium minerals in rocks of 
igneous origin, these minerals are rather commonly formed during 
the exogenic cycle, even though their number is not high. The miner- 
als in question are celestite and strontianite, the latter of which is 
rare as a rock-making constituent of sediments and sedimentary 
rocks. It is usually found only locally in cavities and fissures or in 
veins in sedimentary rocks. Celestite is nearly always associated with 
limestones, dolomites, and gypsum-bearing rocks and with minerals 
of salt deposits. It forms independent grains and crystals in these 
rocks or is found as intercalated layers therein. This assemblage in- 
cludes the minerals which do not incorporate considerable amounts 
of strontium in their structures, and therefore celestite is formed as 
an independent mineral. The secondary accumulations of strontium 
in sedimentary rocks are derived from such primary celestite and, 
further, from strontium found in aragonite and in residual solutions 
from which calcite and salt sediments crystallize. When aragonite is 
converted into calcite, strontium is set free and may migrate as sul- 
fate. According to Dinger (1930), the celestite found in sediments and 
sedimentary rocks is of secondary origin. It is formed by strontium 
which has migrated as bicarbonate and reacted with gypsum to pro- 
duce celestite or by strontium mobilized as sulfate in salt solutions. 

Celestite is, furthermore, very often associated with remains of 
marine organisms which have originally built shells consisting of 
aragonite. These fossils contain up to 4,250 g/ ton Sr (Noll, 1934). Noll 
explained this manner of occurrence as a diadochic replacement of 
Ca 2+ by Sr 2+ in the aragonite structure. Because aragonite is less 
stable than calcite, it is often converted into calcite or goes into solu- 
tion, and thereby strontium is separated and precipitated in the fos- 
sils as sulfate. Strontianite, on the other hand, is always connected 
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with calcareous sediments, consisting of calcite. This manner of oc- 
currence, however, still remains to be explained. 

The values in Table 15.4 show the content of strontium and bari- 
um in some sediments and their derivatives. The strontium values of 
the rocks of southern Lapland show that the content of strontium in 

TABLE 15.4 

Content of Strontium and Barium in Sediments 
and Their Derivatives 


Rock 

Sr 

Ba 

Sr Ba 

g/ton 

Shales, composite (Noll, 1934) 

170 



Limestones (Noll, 1934) 

425-765 



Shales and phyllites, av. (Hevesy and Wurstlin, 1934) . 

20 



Bed clay, av. (Hevesy and Wurstlin, 1934) . . 

60 



Shales, av. (Noll, 1934) 


630 


von Engelhardt ( 1936 ): 




Sandstones, av. . . . 


170 


Quartzites, av. 


110 


Shales, av 


460 


Bed clay 


200 


Badiolarian ooze. 


' — *180 


Globigerina ooze 


~180 


Minette iron ore . . . 


380 


Limestones, av 


120 


Evaporates, maximum 


—9 


Phosphorite, maximum 


270-900 


Sahama (19i5b): 




Quartzites, southern Lapland, av 

<26 

500 

<0 05 

Aluminum-rich schists, southern Lapland, av. . . 

160 

690 

0 23 

Carbonate rocks, southern Lapland, av 

~850 

270 

15 


rocks of sedimentary origin, with the exception of the carbonate 
rocks, is usually lower than in igneous rocks. This result affords proof 
of the high mobility of strontium during weathering. 

During metamorphism strontium does not form any new minerals. 

Barium may become separated from the weathering solutions as 
barium sulfate upon evaporation or neutralization (by limestones) of 
the waters or because of an increase in the concentration of the sul- 
fate anion. Mineral waters contain up to 10-12 g/1 barium. Barium 
sulfate deposited in sandstones and in calcitic and dolomitic lime- 
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stones may give rise to extensive deposits of barite. Barium may also 
be precipitated as carbonate from solutions from which, carbon di- 
oxide is lost. Under the action of sulfate-bearing waters the bicar- 
bonate solutions precipitate barium as sulfate. 

The barium transported to the sea becomes largely separated al- 
ready during the formation of hydrolyzate sediments, and only a 
small part thereof remains in sea water, contrary to strontium. The 
transfer percentage of barium is 0.03, or very much smaller than the 
transfer percentage of strontium and calcium. The Sr:Ba ratio in ig- 
neous rocks is 0.6 and in sea water 260 ; these values show that barium 
is strongly impoverished in the sea in relation to strontium. The 
removal of barium in clays is caused by its greater ionic radius and 
lower ionic potential, compared with strontium. Therefore, barium is 
adsorbed in the hydrolyzates more strongly than strontium is, and the 
argillaceous sediments are the richest in barium. The adsorption of 
barium in the near-shore clays explains why red clay is comparatively 
low in barium. 

With reference to their adsorption properties, strontium and bari- 
um behave like sodium and potassium, which form univalent ions, 
while strontium and barium form bivalent ions. The ionic radius of 
K+ is greater than the radius of Na + , and the radius of Ba 24_ greater 
than that of Sr 2+ . Therefore, the ionic potential of E> and Ba 2+ is 
smaller and the quantity adsorbed by clays greater, compared with 
the potentials and adsorbed quantities of Na + and Sr 2+ , respectively. 
Barium is adsorbed so strongly that it has largely been removed in 
the near-shore sediments, and only a negligible amount is carried to 
the open ocean, where it is finally precipitated in the deep-sea sedi- 
ments. In some rare cases marine deposits contain notable amounts 
of barium as barite concretions and nodules, which may carry as 
much as 82 per cent BaS0 4 and are probably formed by chemical 
precipitation. Emery and Revelle (according to Sverdrup, Johnson, 
and Fleming, 1942) explain some of these concretions as results of the 
interaction of hot-spring water high in barium and of the sulfates of 
sea water. 

Like hydrolyzates, oxidates, particularly the ones rich in manga- 
nese, also concentrate barium. The analyses of von Engelhardt (1936) 
yielded a content of 900 g/ ton Ba in a manganese nodule. There is, 
accordingly, considerable enrichment of barium, in spite of its low 
concentration in sea water. He also found 1,550 g/ ton Ba in a lake iron 
ore low in manganese and 6,700 g/ ton in a manganese-rich sample. Up 
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to 8.58 per cent Ba is reported to occur in wad; and hollandite, a bari- 
um-containing pyrolusite or polianite, may contain nearly 16 per cent 
Ba. Barium is enriched in the manganese-rich oxidates because the 
Mn(OH) 4 sol is negatively charged and thus attracts cations, con- 
trary to the Fe(OH) 3 sol, which is positively charged and attracts 
anions. In like manner the Al(OH ) 3 sol is positively charged. This 
explains the low manganese content of bauxite, which contains a 
maximum of approximately 90 g/ ton Ba (von Engelhardt, 1936). 

The resistates are generally low in barium. The low content of the 
sandstones and quartzites shows that barium cannot become en- 
riched in clays as precipitated barium sulfate because, if precipitation 
did take place, the sandstones should also contain more barium than 
they actually do (see Table 15.4). However, Sahama’s (19456) analy- 
ses of the rocks of southern Lapland in Table 15.4 show that the 
quartzites of this area are rather high in barium, and therefore the 
possibility is not excluded that barium, owing to the low solubility 
of its sulfate, is deprived of many possibilities of migration in the 
exogenic cycle. 

Table 15.4 also shows that the barium content of precipitates and 
evaporates is low. In limestones at least a part of the barium content 
is caused by admixture of argillaceous material. According to von 
Engelhardt (1936), the low value in limestones is partly caused by 
the small quantity of barium available during their formation and 
partly by the absence of the barium-calcium diadochy, which does 
not exist even at the elevated temperatures of formation of igneous 
rocks. Like strontium, barium is incorporated in the low-temperature 
salt minerals only with difficulty. Unlike strontium, which is concen- 
trated in anhydrite and sometimes in gypsum, barium is present in 
these minerals only in traces, which may be attributed to impurities 
consisting of argillaceous material. Barium does not form independ- 
ent minerals in evaporates because of its low content in sea water and 
in the concentrating brines. 

Witherite is sometimes found as a secondary mineral in sediments. 
Some barium minerals of secondary origin are found in the zone of 
oxidation, viz., uranocircite, Ba[U0 2 | P0 4 ] 2 -8H 2 0, a member of the 
uranite group (see chap. 30), and nitrobarite, Ba[N0 3 ] 2 , which occurs 
in the nitrate deposits of Chile. 
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BORON 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

I T HAS been repeatedly pointed out on previous occasions that the 
cosmic abundance of boron, like that of lithium and beryllium, 
its neighbors in the Periodic System, is conspicuously low. These 
three elements occupy a deep minimum in all graphic presentations 
of the abundance of elements (see chap. 2). The estimation of the 
terrestrial abundance of boron is connected with difficulties arising 
from the fact that a considerable part of this element is given off by 
volcanic emanations directly into the hydrosphere. Therefore, its 
abundance in the upper lithosphere must actually be higher than the 
value obtained by analyzing igneous rocks shows. The abundance 
values of boron are presented in Table 16.1. 

TABLE 16.1 
Abundance of Boron 

Material (g/L) 


Meteoritic iron (Goldschmidt and Peters, 1932c) <0.9 

Silicate meteorites (Goldschmidt and Peters, 1932c) 1.6 

Igneous rocks (Goldschmidt and Peters, 1932c, d) 3 

Igneous rocks of Sweden (Lundegardh, 1946) 30 


The abundance of boron is best elucidated by a comparison with 
that of hydrogen in volcanic gases (see Table 5.40), in which the 
atomic abundance ratio B : H is 1 : 12,500. With reference to the abun- 
dance of boron in igneous rocks, the actual value might be higher 
than that given by Goldschmidt (19376), as pointed out by Lunde- 
gardh (1946). At least, there seem to be considerable regional differ- 
ences in the boron content of the upper lithosphere. Landergren 
(1945) has found, on an average, more boron in Swedish granites than 
in the German granites analyzed by Goldschmidt and Peters (1932c) . 

In the Sun’s atmosphere the presence of boron is still not definitely 
established. 

The general geochemical character of boron is that of a lithophile 
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element. With reference to its terrestrial occurrence, boron is also 
notably biophile. 

BOEON IN IGNEOUS EOCKS 

In the upper lithosphere boron is always combined with oxygen. 
It is therefore a typically oxyphile element. The content of boron in 
some more important groups of igneous rocks is presented in Table 
16.2. The values reported show that boron, like beryllium, is an ele- 
ment characteristic of the late stages of magmatic crystallization. 
During the main stage of crystallization some minerals, such as bio- 
tite and the amphiboles which have hydroxyl groups in their struc- 
tures, may incorporate small amounts of boron. Therefore, boron is 

TABLE 16.2 

Content of Boron in Igneous Rocks 

, Rock rXn) 

Basalts, average (Goldschmidt and Peters, 193 2d) 1.6 

Composite of German gabbros (Goldschmidt and Peters, 

1932c) 3 

Composite of German granites (Goldschmidt and Peters, 

1932c) 3 

Liparite (Goldschmidt and Peters, 1932 d) 31 

Nepheline syenites, average (Goldschmidt and Peters, 1932d) 3 

Rocks of the Basement Complex of southern Lapland ( Bahama , 
lU5b): 

Ultrabasics . . . 31 

Gabbros and dolerites . . . 9 

Granites . 0.9-3 

Syenites . . . . 9 

often present in some basic rocks, e.g., gabbros. Goldschmidt and 
Peters (1932d) have found 16 g/ton B in a pneumatolytic hornblende 
and 3 g/ton B in a biotite from granite pegmatite. Relatively large 
amounts of boron may be present in the ultrabasic serpentine rocks 
(Sahama, 19456), which are usually thought to be formed from 
dunite in autometamorphic processes. The boron content increases 
parallel with the increase in the content of serpentine. It seems to be 
evident that boron, when present in these rocks, was originally en- 
riched in the aqueous solutions resulting from the crystallization of 
the ultrabasics. Boron, however, did not enter the fractions lowest in 
silica but was introduced into the serpentine during the autometa- 
somatism. 

The boron content of magmatic iron ores is very low. Goldschmidt 
and Peters (1932d) report a maximum of 1.6 g/ton B. According to 
Landergren (1945), boron is enriched in the manganiferous iron ores 
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of Sweden, those containing braunite being the highest in this ele- 
ment. 

The small ionic size of boron (the radius of the B 3+ ion is 0.20 kX) 
and the volatility of many of its compounds, however, prevent its be- 
coming totally trapped in the hydroxyl-bearing minerals during the 
magmatic crystallization. The bulk of boron is enriched in residual 
magmas and solutions and will sometimes crystallize as independent 
boron minerals even during the last phases of the main stage of crys- 
tallization. Usually, however, no boron minerals will crystallize until 
the pegmatitic and even hydrothermal stages are reached. 

Tourmaline, with 9-11.5 per cent B 2 0 3 , is the most important and 
the most abundant of the boron minerals. The basic rocks do not 
contain tourmaline, but it is a constituent of granites (tourmaline 
granites) representing the last products of the main stage of crystal- 
lization. In the granites tourmaline has generally crystallized after 
the feldspars, and it is one of the most conspicuous constituents of 
pegmatites. In metalliferous hydrothermal formations it belongs to 
mineral assemblages representing comparatively low temperatures 
of crystallization. The presence of tourmaline in metalliferous and 
quartz veins affords proof of the high mobility of boron. This element 
may easily migrate far from its original source. 

Tourmaline may be considered a mixture of the following compo- 
nents : 

1 . Lithian tourmaline, NaAlsLiB 3 [0,0H,F | Si0 4 ]e * (OH) 0-2 

2. Magnesian tourmaline, NaAl5Mg 4 B 3 [0,0H,F|Si0 4 ]6* (OH)o_ 2 

3. Aluminian tourmaline, NaAl9B 3 [0,0H,F|Si0 4 ]6* (OH)i_ 2 

Magnesium may be replaced by ferrous iron, and sodium by calcium. 
Sometimes there occur small amounts of potassium, chromium, and 
titanium. The black iron-rich tourmalines (schorlite) are evidently 
the most common type. 

Boron is present in igneous rocks and also in the late magmatic 
products of crystallization in the form of numerous boron-bearing 
silicates and borosilicates. They include, among others, the following 
species : 

Axinite, C a 2 (Mn, F e) AL>BH[S iO 4 ] 4 

Dumortierite, Al 4 [Al 4 BSi 3 Oi 9 OH] (?) 

Danburite, CajBoSbOs] 

Datolite, Ca[OH | BSi0 4 ] 

Axinite (4.5-6.5 per cent B 2 0 3 ) and datolite (20-22 per cent B 2 0 3 ) 
are found mainly in basic rocks, such as basalts and diabases. All 
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these minerals, however, are comparatively rare and, as compared 
with tourmaline, of little geochemical importance. The structure of 
dumortierite is still not known with certainty. Datolite and danbur- 
ite are real borosilicates, in which boron forms [B0 4 ] tetrahedra in a 
framework composed of [Si0 4 ] tetrahedra. Accordingly, boron re- 
places silicon in the oxygen tetrahedra. As in the case of aluminum 
and silicon, so with boron and silicon the degree of substitution re- 
mains small, because of the considerable difference in the size of the 
ions concerned (rg 3+ = 0.20 kX;rsH+ = 0.39 kX).Xt is probable that, 
when the amount of boron during the crystallization is too low to 
allow the formation of independent boron minerals, it will replace 
silicon in the [Si0 4 ] tetrahedra. Because the greatest part of boron in 
the upper lithosphere is concealed in the structures of silicate miner- 
als, the foregoing manner of occurrence of boron is of geochemical 
importance. 

Wasserstein (1943) has found very substantial contents of boron 
in braunite, 3Mn 2 0 3 -MnSi0 3 (up to 1. 1-1.2 per cent B 2 0 3 in South 
African occurrences), and he suggests that this mineral is the exclusive 
carrier of boron among the manganese minerals. The explanation of 
the occurrence of boron in braunite is probably the diadochic replace- 
ment of Si 4+ by B 3+ . 

BIOGEOCHEMISTRY OF BORON 

Boron is physiologically important in plants. It is essential for 
higher plants, being necessary for their development. Boron is also 
important to the soil bacteria and promotes the nitrification. It is 
strongly concentrated by many living plants, and its content may 
run high in their ashes. Some plants may concentrate boron heavily, 
even from soil low in this element. According to Goldschmidt and 
Peters (193 2d), soils formed by weathering of igneous rocks are lower 
in boron (maximum content 3 g/ton B) than the coastal soils and 
those derived from marine sediments (up to 31 g/ton B). As a matter 
of fact, boron is notably concentrated from sea water in the coastal 
soils, which may contain from ten to fifty times as much boron as in- 
land soils do. Boron is also strongly concentrated in coal ashes, the 
maximum being 3,100 g/ton B (Goldschmidt and Peters, 1932c). 
These authors report a similar content of boron in the ashes of sea- 
weeds (. Fucus vesiculosus and Laminaria saccharina ) , whereas the 
content in marine calcareous algae is less. 

Boron is also present in animals. Some corals contain up to 310 
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g/ton B in their calcareous structures. Still higher contents are re- 
ported in siliceous sponges, which may contain up to 1,550 g/ton B 
in their ashes (Goldschmidt and Peters, 193 2d). In higher animals the 
content of boron tends to be low r , and it is probably not essential for 
these animals; in fact, large doses of boron are toxic. 

Tageeva (1942) found boron substantially enriched in oil-field 
waters. This boron is probably ultimately derived from organic sub- 
stances. 

More boron is present in salt-water sapropel than in fresh- w T ater 
sapropel, according to Guliaeva (1942). In the former case the in- 
crease in the content of boron is parallel to the increase in the content 
of organic matter. No appreciable enrichment of boron, on the other 
hand, occurs in the fresh-water sapropel. Especially large amounts of 
boron are present in algal sapropel, which is composed largely of fats 
(balkhashite) . Guliaeva suggests that such algae concentrate boron, 
which is given back to the surrounding medium during the decay of 
the organisms. Consequently, salt-water organisms are evidently ac- 
tively involved in the cycle of boron. 

CYCLE OF BORON 

The cycle of boron is presented in Figure 16.1, which is based main- 
ly on a paper of Landergren (1945). During magmatic crystallization, 
boron is partly incorporated in igneous rocks, but a part wells out in 
volcanic emanations, which are comparatively rich in this element 
(see Table 5.40). According to Tageeva (1942), mineral waters con- 
nected with volcanic activity are high in boron, and Zies (1929) has 
found as much as 2.17 per cent B 2 0 3 in the incrustations in the Yalley 
of Ten Thousand Smokes in Alaska. At elevated temperatures boron 
is discharged from the magma directly into the atmosphere, but at 
lower temperatures the hydrothermal solutions deliver it directly 
into the hydrosphere. In the first case boron is carried into the hydro- 
sphere by condensation. During the chemical weathering of rocks 
boron goes into solution as boric acid and soluble borates and is ul- 
timately transported into the sea. During mechanical disintegration 
it is deposited in the resistates. The boron content of the continental 
weathering products rich in alumina (kaolin, bauxite) is rather low, 
often still less than in igneous rocks. The reason is the partial leach- 
ing-out of boron during the weathering. 

In sea water boron is apparently present as undissociated boric 
acid, which plays an important part in the buffer mechanisms of the 
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sea, being second only to the carbonate system. The boron present in 
sea water is precipitated into hydrolyzates, oxidates, and evaporates, 
from which it may again be dissolved, at least partly, during the 
weathering. The boron may then be retransported into the ocean or 
become concentrated in closed basins on the continents and finally 
be deposited as borate beds in arid regions. 

According to Sahama (19456), boron might be precipitated in the 
sea as relatively insoluble calcium and magnesium borates, or there 
might occur exchange reactions to combine borates of these metals 
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Fig. 16 . 1 . — The cycle of boron 


and of aluminum and iron with the hydrolyzates and oxidates. How- 
ever, according to Landergren (1945), boron in the sediments occurs 
in a relatively readily volatile form. 

During the metamorphism the boron present in the sediments 
either remains in the recrystallized rocks or goes into the regenerated 
rock melt formed during the anatexis. Another feature characteristic 
of the cycle of boron is the transportation of boron from the litho- 
sphere into the biosphere, where it may become considerably en- 
riched. During the decay of the concentrating organisms, boron is 
liberated and ultimately finds its way back to the hydrosphere. As a 
matter of fact, the cycle of boron centers around the hydrosphere. 

The content of boron in sediments and sedimentary rocks is illus- 
trated by the values presented in Table 16.3. The values show that, 
compared with marine sediments, igneous rocks and the continental 
490 







BORON 


sediments formed by their disintegration are comparatively low in 
boron. The bulk of boron is present in marine hydrolyzates and part- 
ly in the hydrosphere itself. As pointed out in chapter 5, boron, ac- 
cording to its ionic properties, is an element of the hydrolyzates 
(Wickman, 1944). The marine oxidates are also rich in boron; Gold- 
schmidt and Peters (193 2d) found that the iron ores deposited in 
fresh water are essentially lower in boron than are those of marine 


TABLE 16.3 


Content of Boron in Sediments and Their Derivatives 


Rock 

Bauxite and kaolin (Goldschmidt and Peters, 1932d) . . . 

Laterite-bauxite iron ores (Landergren, 1948) 

Bog ores, Finland (Goldschmidt and Peters, 1932d) . ... 

Bog ores, Finland (Landergren, 1948) 

Glauconitic sandstone (Goldschmidt and Peters, 193 2d) . 
Terrigenous muds (Goldschmidt and Peters, 193 2d) . ... 
Recent marine clays (Goldschmidt and Peters, 1932d) . . 
Bottom sediment, Tyrrhenian Sea (Landergren, 1948) .... 
Radiolarian ooze, Globigerina ooze, red clay, manganese 

nodule (Goldschmidt and Peters, 1932c, d ) 

Shales, average (Goldschmidt and Peters, 1932c) 

Sedimentary marine iron ores (Goldschmidt and Peters, 

1932 d) 

Glauconite, Scania (Palmqvist, 1935) 

Siderite, Scania (Palmqvist, 1935) 

Marine oolitic-siliceous iron ores (Landergren, 1948) ... . 

Marine siderite ores (Landergren, 1948) 

Caicitic and dolomitic limestones, average (Goldschmidt 

and Peters, 1932d) 

Quartzites, southern Lapland (Sahama, 19455) 

Aluminum-rich schists, southern Lapland (Sahama, 

19455) 

Carbonate rocks, southern Lapland (Sahama, 19455) . . . 


B 

(g/ton) 
max. 3 
20 

0-3.1 

29 

155 

16-155 

93 

50 

155 

310 


max. 310 
300 
160-30 
73 
28 


3 

9-31 

9-93 

9 


origin. The average found by Landergren (1948) for the bog ores from 
Finland is not so low as might be expected, taking into account their 
lacustrine nature. Landergren suggests that boron might here be of 
organic origin. 

The values given in Table 16.3 show that the boron content in 
limestones is considerably lower than in argillaceous sediments. In 
dolomites the content may sometimes be higher, the cause being the 
marine deposition. Mitchell (1944) has analyzed a large number of 
limestones from Scottish localities; the content of boron was com- 
monly less than 10 g/ ton. Like the limestones, the siliceous sediments 
are also usually low in boron. This element is absent in diatomite and 
siliceous sinter (Goldschmidt and Peters, 193 2d). 
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Table 16.3 shows, further, that the siderites are lower in boron 
than the glauconites are. The low boron content in the bottom sedi- 
ment from the Tyrrhenian Sea is caused by the relatively high car- 
bonate content of this sediment (Landergren, 1948) . 

The boron of marine sediments is very largely obtained from sea 
water. The values presented in Table 6.19 show that boron, like sul- 
fur and chlorine, is strongly concentrated in sea water. The calcula- 
tions show that the amount of boron now present in sea water is 2.5 
times as high as the quantity supplied to the oceans during the geo- 
logical history of the Earth. According to Goldschmidt and Peters 
(1932c, d), the accumulation of boron in the sea is one of its most con- 
spicuous geochemical features. These authors suggest that the boron 
of the ocean was largely contained in the protoatmosphere of the 
Earth as a volatile boron compound, perhaps as the trichloride BC1 3 , 
and that additional amounts were delivered by volcanic activity dur- 
ing the geological history of the Earth. According to the calculations 
presented by Goldschmidt (19376), the geochemical balance of boron 
is illustrated in the accompanying tabulation. The values show that 

B 


Hydrolyzate sediments (155 kg* cm -2 ) 25 

Sea water (278.1 kg«cm~ 2 ) 1.2 

Total 26 .2 

Igneous rocks (160 kg*cin~ 2 ) 0.5 


the quantity of boron contained in the hydrolyzates and in the sea 
is 52.4 times as high as the amount present in igneous rocks. 

It was pointed out previously that the resistates nearly always 
carry considerable amounts of boron, which are chiefly due to the ac- 
cumulation of tourmaline in the weathering residues. Tourmaline is 
a mineral very stable against mechanical and chemical denudation 
(see chap. 5). Tourmaline is the common form of boron in all rocks of 
sedimentogenic origin, which are originally deposited in the sea. The 
formation of tourmaline in the derivatives of marine sediments in- 
cludes the removal of a part of boron from the cycle of the soluble 
boron compounds. 

The preceding discussion shows that boron is definitely thalasso- 
phile. This characteristic may allow important conclusions to be 
drawn concerning the origin of certain metamorphosed rocks in 
Archean and other terranes. In the case of highly metamorphic rocks, 
their boron content might often decide their originally igneous or 
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sedimentary nature. Even though boron in the contact zones of 
granites frequently originates from the granite magma, being meta- 
somatically added to the surrounding rocks, one must, according to 
Goldschmidt and Peters (1932c), always reckon with the possibility 
that the boron present in the contact zone in a sedimentogenic rock 
penetrated by granite intrusions was originally present in the sedi- 
ment and was later concentrated at and near the granite contact as 
a result of its high mobility. 

The changes in the boron content of the ocean were investigated 
by Landergren (1945). According to his results, the content of boron 
in argillaceous sediments is directly proportional to the salinity of 
the water in which the sediment was deposited. The higher the salini- 
ty, the greater the boron content of the accumulated sediments. The 
ratio between the salinity and the boron content has remained un- 
changed since at least the Cambrian and probably long before that 
time. A gradual decrease in the boron content of sea water, as sug- 
gested by Goldschmidt and Peters (193 2d), should therefore not be 
effective. Because the boron content of marine sediments is consid- 
erably higher than that of igneous rocks, it is evident that boron has 
accumulated in the marine sediments during the course of geological 
time. The hydrosphere has thus been deprived of twenty to forty 
times the present quantity of boron in ocean water. At the dawn of 
the geological history of the Earth the boron content of the ocean 
must have been considerably higher than at present because during 
those remote times the volcanic activity was more plentiful and the 
quantity of the emanations larger than nowadays. As soon as the 
processes of weathering and the formation of the sediments started, 
boron became rapidly accumulated in the sediments. The amount of 
boron dissolved in the ocean diminished quickly until the present, 
nearly constant, value was attained. The changes in the boron con- 
tent of sea water are presented in Figure 16.2, which is reproduced 
from Landergren (1945). 

The constancy of the boron content in the ocean water since Cam- 
brian or still older times is due to the equilibrium between the proc- 
esses which remove boron from the sea and those which introduce ad- 
ditional boron into the oceans. The boron-bearing sediments deposit- 
ed in the sea must release, directly or indirectly, a part of their boron 
through the minor (weathering) and the major cycles (volcanic ema- 
nations) back to the ocean (see Fig. 16.1). The ocean therefore acts 
as a vast boron reservoir in the boron cycle. The equilibrium between 
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these two processes was attained long before the beginning of the 
Cambrian time. 

BORON IN EVAPORATES 

Boron of two kinds of origin is found in the evaporates. Notable 
amounts of boron are present in marine evaporates and in evaporates 
deposited in closed basins as various borates which often occur to- 
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Fig. 16.2 —Changes in the boron content of sea water during the geological evolution of 
the Earth. 

gether with other salt minerals. In addition, borates are found in 
evaporates connected with volcanic activity. 

The boron of volcanic emanations accumulates in the neighbor- 
hood of the centers of volcanic and thermal activity as sublimates 
consisting of boric acid [sassolite, B(OH) 3 ] and various borates. Boric 
acid is volatile with steam even at 100° C. Readily volatile boron 
halogenides, such as BCI3 and BF 3 , may also originally be present in 
volcanic gases. They produce boric acid in reaction with water 
vapor, e.g., 

BF 3 -f 3H 2 0 B(0H) 3 + 3HF . 
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The fumaroles of the area of extinct volcanoes in Tuscany in 
Italy, an important source of boron, deposit sassolite, larderellite, 
NH 4 B 5 O 8 * 2 IH 2 O, a number of calcium borates, and other boron 
minerals. The chemical composition of larderellite is of interest, for 
it is an ammonium borate. Clarke (1924) emphasized the fact that 
ammonium salts nearly always accompany boron minerals in vol- 
canic sublimates. It should also be noticed that water vapor is quan- 
titatively the most important constituent of volcanic gases. The 
joint occurrence of boron and nitrogen in volcanic sublimates led 
Clarke to the hypothesis that boron was originally contained as the 
nitride, BN, in the volcanic gases. He suggested that this compound 
is decomposed, owing to the action of water vapor, whereby ammonia 
and boric acid are formed : 

2BN + 6H 2 0 -» 2NH 3 + 2B(OH) 3 . 

However, according to Schliiter (1928), the boron nitride hypothesis 
is not based on adequate facts. 

The basins of many lakes in the different parts of the world contain 
notable deposits of borate minerals. The borate beds of southern 
California and Nevada in the United States contain the following 
boron minerals as the most important constituents : 

Kernite, Na 2 B 4 0 7 * 4H 2 G 
Borax, Na 2 B 4 O 7 *10H 2 Q 

Ulexite, NaCaB 5 09 * 8 H 2 0 

Colemanite, Ca 2 B60ir5H 2 0 

About 95 per cent of the world’s boron is produced in California. 

Borate deposits of a similar nature are met in South America in 
Argentina, Bolivia, Peru, and, particularly, Chile. The most impor- 
tant boron mineral of these deposits is ulexite. Typically, nitrates 
occur accompanying the borates in the deposits of the Western Hem- 
isphere. Other borate deposits of technical importance are found 
in Tibet, Persia, and Turkey, most of them being connected with 
thermal activity and containing ammonium salts. 

The boron minerals deposited in closed basins are chiefly calcium 
borates. This geochemically important fact was explained by Clarke 
(1924) as a result of the low solubility of the borates of calcium. This 
metal is the most important cation in lake and river waters. There- 
fore, boron is precipitated as calcium borate in the presence of soluble 
calcium salts. 

Schliiter (1928) has offered an explanation concerning the origin 
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of the borate deposits at Sultan Tshair in Turkey. The chief constit- 
uent of these deposits is pandermite (priceite), Ca 4 BioOi 9 -7|H 2 0. The 
pandermite layers occur, together with gypsum, as intercalated beds 
in fluvial sediments, being deposited with these sediments. Boron was 
produced by late Tertiary igneous activity, and the boron-bearing 
thermal waters were mixed with river water. The boric acid and the 
calcium carbonate dissolved in river water reacted to form pander- 
mite according to the equation: 

10B 2 O 3 + 8CaC0 3 + 15H 2 0 -> 2(Ca 4 B 10 O 19 -7|HoO) + 8C0 2 

(pandermite) 

The volcanic activity released carbon dioxide, which was instrumen- 
tal in increasing the content of calcium, as bicarbonate, in the river 
water. Concentrated solutions of calcium carbonate were consequent- 
ly available, and pandermite, not being readily soluble, was precipi- 
tated together with gypsum as a separate horizon in the fluviatile 
sediments. 

All North and South American borate deposits are fresh-water 
evaporates, and boron in these beds is evidently genetically connect- 
ed with the geologically young volcanic rocks found in the neighbor- 
hood of the deposits. Because appreciable amounts of boron are pres- 
ent in sea water, boriferous strata are also formed during the depo- 
sition of marine evaporates. Thus, for example, the classical salt beds 
of Stassfurt in Germany, which once crystallized from the Permian 
Zechstein Sea, contain boron salts in certain horizons, mostly in the 
carnallite zone. The following boriferous minerals are found in these 
beds: 

a-boracite and /3-boracite, Mg 6 [Cl 2 | Bu0 2 6] 

Pinnoite, MgB 2 0 4 *3H 2 0 

Ascharite, MgHB0 3 

Kaliborite, KMg 2 Bii0i 9 *9H 2 0 
Hydroboracite, CaMgBeOn * 7 H 2 0 
Sulfoborite, Mg 3 [S0 4 1 B 2 0 5 ] * 4 JH 2 0 

Unlike the closed basins in which calcium borates are deposited, 
the Stassfurt salt beds contain chiefly magnesium borates. According 
to Clarke (1924), this is the general rule with reference to marine 
evaporates. This difference in the composition between marine and 
fresh-water borate sediments is explained by Clarke as the result of 
the predominance of magnesium over calcium in sea water; the case 
is the opposite in lake and river waters. According to Table 6.7, the 
average composition of dissolved solids in fresh water and in the sea 
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and the corresponding Mg : Ca ratios are as given in the accompany- 
ing tabulation. 



Mg 

(Per Cent) 

Ca 

(Per Cent) 

Mg:Ca 

Dissolved solids m lake and river water. 

3 41 

20 39 

0 17 

Dissolved solids in sea water . . 

3 69 

1 15 

3.21 


During the evaporation of sea water, calcium salts are precipitated 
prior to the magnesium salts. Therefore, hydroboracite was the first 
boron compound to crystallize from the brines of the Zechstein Sea. 
Like calcium borate, magnesium borate also is only sparingly soluble 
in water. The borates of certain rare trivalent elements, e.g., indium, 
scandium, and lanthanum, are insoluble, and therefore it might be 
possible that such compounds would, at least partly, be responsible 
for the precipitation of these metals in certain marine sediments. On 
the other hand, such borates might be incorporated in marine car- 
bonate sediments because, as shown by Goldschmidt and Haupt- 
mann (1932), the orthoborates of scandium and indium are isomor- 
phic with calcite, and the orthoborate of lanthanum is isomorphic 
with aragonite. 
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ALUMINUM 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

A CCORDING to Table 2.3, aluminum is the most abundant 
L metal found in igneous rocks. Of all the elements, only oxygen 
and silicon are more abundant than aluminum. If the cosmic abun- 
dance is considered (see Fig. 2.2), iron and magnesium are found to 
be more abundant than aluminum. As emphasized by Eskola (1946), 
this fact affords important proof of the origin of the lithosphere by 
an extensive differentiation process (see chap. 2). The atomic number 
of aluminum is odd (Z = 13) , and consequently this metal, according 
to the rule of Oddo and Harkins, should be less abundant than its 
neighbors, magnesium and silicon. Such is not the case in igneous 
rocks, and, consequently, aluminum evidently must have been 
strongly concentrated in the upper lithosphere. This means that a 
pronounced chemical differentiation has occurred in the Earth. 

The higher cosmic abundance of magnesium is readily understood 
if its manner of occurrence in the meteorites is considered. The abun- 
dance of both magnesium and iron in meteorites is considerably in 
excess of that of aluminum, because iron is the principal constituent 
of iron meteorites and stony-irons and because the silicates of the 
stony meteorites consist chiefly of those of magnesium. 

The abundance of aluminum in igneous rocks and in the meteorites 
is presented in Table 17.1. 

In the solar atmosphere the abundance of aluminum is considera- 
bly lower than that of magnesium and silicon (see Table 2.3), and the 
case is thus similar to the abundance relationships of the three ele- 
ments in the meteorites. 

The abundance values recorded in Table 17.1 show that aluminum, 
like the alkali metals and the alkaline-earth metals, is a thoroughly 
lithophile element. It is evident that aluminum is practically com- 
pletely absent in the deeper-lying geochemical shells of the Earth. It 
is almost quantitatively concentrated in the lithosphere, the highest 
content being found in the uppermost parts, i.e., in the Sial crust. 
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ALUMINUM IN IGNEOUS ROCKS 

In the upper lithosphere aluminum is a pronouncedly oxyphile ele- 
ment. It is always combined with oxygen; no sulfide minerals of 
aluminum are known to exist. 

The tendency of aluminum to become concentrated in the upper- 
most lithosphere is reflected also by its behavior during magmatic 
differentiation. N oteworthy Quant ities of aluminum a/re not present. 
in t he early products of crystallization. In the early crystallates, 
aluminum occurs as an essential constituent only in the plagioclase 
feldspars of anorthosites and in the spinels. The spinels were previ- 
ously interpreted as aluminates, in which aluminum might be re- 
placed by ferric iron and chromium ; but X-ray diffraction studies re- 
veal their character as double oxides, containing either A1»0 3 , FeoCb, 

TABLE 17.1 

Abundance of Aluminum 

MatCriaI (Percent) 


Meteoritic iron (Noddack and Noddack, 1930) 0 .004 

Silicate meteorites (Merrill, 1916) 1.79 

Igneous rocks (Clarke and Washington, 1924) 8 .13 


or Cr 2 0 3 as one of the component oxides. However, the spinels are 
quantitatively insignificant as rock-making minerals, and therefore 
their importance in the geochemistry of aluminum is very small. The 
scarcity of aluminum in the early crystallates is shown in Daly’s 
(1933; see Table 5.32) averages by the low aluminum content of 
dunites. Even in the hornblendites, which can no longer be included 
among the early crystallates, the content of aluminum is considera- 
bly lower than in the rocks separated during the main stage of crys- 
tallization. In this stage aluminum is somewhat enriched in the first 
rocks to crystallize, but, wfith progressive differentiation, its content 
decreases. Thus, e.g., the average aluminum content of gabbros is 
higher than that of silicic rocks. 

The feldspars, which are quantitatively the most important con- 
stituents of igneous rocks, are aluminosilicates of certain univalent 
and bivalent metals. Therefore, they carry the bulk of the lithospher- 
ic aluminum. Although some trivalent metals theoretically may re- 
place aluminum in the feldspar structure, the degree of' such subst i 
tution in the feldspars is too insignificant to be of much geochemical 
importance. 
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The theoretical aluminum content of the most important feldspars 
is given in the accompanying tabulation. 

MmerdI (PerCent) 

Orthoclase and adularia, K[AlSi 3 0 8 ] 9 , 69 

Microcline and sanidine, (K,Na)[AlSi 30 s] (9.69) 

Albite, Na[AlSi 3 0 8 ] 10.29 

Anorthite, Ca[Al 2 Si20 8 ] 19.40 

Anorthite contains double as much aluminum as do albite and the 
potash feldspars. Consequently, in basic igneous rocks the plagioclase 
feldspars, which always are relatively rich in the anorthite compo- 
nent, contain more aluminum than do the albite-rich plagioclases and 
the potash feldspar of acidic rocks. This explains why aluminum is 
enriched in the early products of the main stage of magmatic differ- 
entiation. 

In the alkalic series the syenites and nepheline syenites contain 
more aluminum than do the calc-alkalie rocks with a corresponding 
silica content. This is due to the presence of abundant sodic feldspar 
and feldspathoids among their major constituent minerals; nephe- 
line, leucite, and cancrinite contain more aluminum than potash 
feldspar does. 

Along with the feldspars, the micas contain aluminum as one of the 
major constituents. Geochemically, biotite is the most important 
member of the mica group; muscovite is somewhat less important. 
The different biotite varieties carry from 10 to 20 per cent A1 2 0 3 ; this 
content is of the same order of magnitude as the average alumina 
content of igneous rocks, calculated by Clarke and Washington 
(1924; see Table 2.1). Muscovite and allied micas, on the other hand, 
contain considerably more alumina, sometimes in excess of 30 per 
cent. Muscovite is an essential constituent almost only in granitic 
rocks and is nearly always absent in the more basic rocks. Biotite 
crystallizes prior to muscovite and may therefore become separated 
from water-rich magmas at a comparatively early stage. Therefore, 
the presence or absence of biotite does not notably affect the alumina 
content of igneous rocks, whereas, if muscovite is present, the alumi- 
num content will somewhat increase in rocks crystallized toward the 
end of the main stage of differentiation. However, the effect of mus- 
covite is less pronounced than that of the feldspars. Moreover, in 
granites the bulk of muscovite, if not all, is of secondary origin, being 
a product of the alteration of the feldspars. 

The pyroxenes and amphiboles, particularly augite and horn- 
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blende, which are the most important members of these mineral 
groups, are regularly aluminum-bearing. However, their aluminum 
content is either lower than the aluminum content of the rock as a 
whole or, at most, of approximately equal magnitude. 

According to Bowen and Greig (1924), aluminum forms two sili- 
cates at elevated temperatures in the system Al 2 0 3 -Si0 2 , viz., 

Sillimanite, AloCVSiCh 
Mullite, 3Al 2 (V2Si02 

The silicate Al 2 0 3 *2Si0 2 , metakaolinite, is also known; it is ob- 
tained by removing water from kaolinite, Al 4 [(OH) 8 |Si 4 Oio]. How- 
ever, metakaolinite is not stable at elevated temperatures and cannot 
be obtained by direct crystallization from aluminum silicate melts. 
Both mullite and sillimanite occur as minerals; the compound 
Al 2 0 3 *Si0 2 is found, in addition, as andalusite and kyanite. The op- 
tical properties of mullite and sillimanite are very nearly identical, 
and they cannot be distinguished from each other except by X-ray 
diffraction studies or chemical analysis. Mullite, however, is very 
rare; it is found only incidentally at igneous contacts. Sillimanite, 
andalusite, and kyanite, although rather common constituents of 
metamorphic rocks, are seldom found in igneous rocks and, when 
present, occur in small quantities at igneous contacts, as does mullite. 
Therefore, these silicates of aluminum are geoehemicallv insignifi- 
cant. 

The foregoing discussion shows that aluminum is not present in 
igneous rocks as a simple silicate. It is always combined with other 
metals to form complex aluminosilicates. X-ray diffraction studies 
have revealed two entirely different manners of occurrence of alumi- 
num in silicate minerals. 

All silicate minerals consist of a framework of [Si0 4 ] tetrahedra, 
which are combined in various ways in the different mineral groups 
and form regular structures. In the [Si0 4 ] tetrahedra, a part of Si 4+ 
may be replaced by Al 3+ . Owing to the great difference between the 
sizes of these ions, their radii being 0.39 and 0.57 kX, respectively, 
the substitution is never complete. Its degree depends, in addition, 
on the structural type of the mineral in question. In the feldspars all 
aluminum present replaces silicon in the Si-0 tetrahedra, and only 
the ions K + , Na + , Ca 2+ , etc., form the cation network. In like man- 
ner, Al 3+ partly replaces Si 4+ in the amphiboles, pyroxenes, and 
micas. In the amphiboles, only one-third of the Si 4+ ions may be re- 
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placed by Al 3+ . In these minerals aluminum is also found outside the 
silicon-oxygen framework, occupying a position similar to that held 
by Mg 2+ and Fe 2+ . In spite of its somewhat smaller size, aluminum 
in this case replaces Mg 2+ (radius 0.78 kX) and Fe 2+ (radius 0.83 kX) 
diadochically. It occurs, like these ions, between the oxygen ions lo- 
cated in the corners of the [Si0 4 ] tetrahedra. The co-ordination num- 
ber of aluminum is usually 6. The Fe 34_ ions have a similar manner of 
occurrence. In other important groups of silicate minerals aluminum 
also occupies two different structural positions. 

Aluminum, like calcium and magnesium, usually does not occur in 
igneous rocks as a simple oxide. Corundum, a-Al 2 0 3 , is present only 
when aluminum predominates over both calcium and the alkali 
metals ; if such is the case, all aluminum cannot be bound in the feld- 
spars. The presence of corundum in pegmatites, metamorphic rocks, 
etc., is therefore a proof of an exceptionally high content of alumi- 
num. 

Other aluminum minerals include chrysoberyl, Al 2 Be0 4 , found in 
granite pegmatite, aplite, and mica schist; topaz, A1 2 [F 2 1 Si0 4 ], which 
is connected with pneumatolytic activity; many halogenides, e.g., 
fluellite, A1F 3 -H 2 0; carbonates; and numerous phosphates and sul- 
fates. However, all these minerals are geochemically rather unimpor- 
tant. 

CYCLE OF ALUMINUM 

The cycle of aluminum is simple, and its details are well known. 
During the weathering, the feldspars and some other silicates, for 
example, leucite, go into ionic solution. Under normal conditions 
these minerals are completely dissolved, at least in the beginning of 
the weathering. Aluminum remains dissolved both in acid solution 
with pH less than 4 and in basic solution (pH > 9) ; and aluminum 
hydroxide, Al(OH) 3 > is precipitated only in the neighborhood of the 
neutral point. Aluminum hydroxide is also precipitated when the 
solution becomes concentrated because of evaporation. If an acid 
solution turns neutral or alkaline — e.g., because of the escape of car- 
bon dioxide, the main agent causing acidity in natural waters, or by 
reaction with calcium carbonate — aluminum hydroxide is precipi- 
tated. Because silica remains in solution under these circumstances, 
aluminum deposits of a considerable degree of purity may thus be 
formed. However, alumina and silica may also react with each other 
to form crystalline clay minerals, and a small part of the two com- 
pounds may coagulate as hydrogels. It is known that silica and alu- 
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mina sols of a concentration of approximately 0.1 per cent quickly 
precipitate each other. During the weathering of the micas the disin- 
tegration is often incomplete, and chiefly the alkali metals are ex- 
tracted. The silicon-oxygen framework thus remains largely unat- 
tacked and may be easily converted, in reactions with the weathering 
solutions, into clay minerals. 

The clay minerals are hydrous aluminum silicates. Some aluminum 
is often replaced by Fe 3+ and Mg 2+ and by small amounts of alkali 
metals and alkaline-earth metals. The most important clay minerals 
are illite, similar in composition to the white micas, although not 
identical therewith; montmorillonite, Al 2 [(OH) 2 |Si 4 Oio]*nH 2 0 ; and 
kaolinite, Al 4 [(OH) 8 | Si 4 Oi 0 ]. Illite contains potassium as an essential 
constituent. 

Geochemically important is the base-exchange capacity of the clay 
minerals, particularly of montmorillonite, which is partly caused by 
structural substitution. The alkali metals are rather readily replaced, 
whereas the alkaline-earth metals are more tightly held in the struc- 
ture. 

According to Noll (1936), whether montmorillonite or kaolinite 
will be formed during the weathering depends on the amount of al- 
kali metals and alkaline-earth metals removed during the decompo- 
sition and on the pH of the weathering solutions. When the above- 
mentioned metals are thoroughly removed by circulating waters and 
when the solution is acid or much carbon dioxide is present, kaolinite 
is predominantly formed. On the other hand, montmorillonite is 
formed if the leaching is incomplete and the solution is alkaline or 
neutral. Noll (1935) considers the formation of montmorillonite pos- 
sible in sea water, whereas in river and bog water the formation only 
of kaolinite will take place. Also, if iron is leached out during the 
weathering, e.g., as ferrous compounds stable in the presence of car- 
bon dioxide, sulfuric acid, and humic substances, the kaolinite will 
be quite pure. Such deposits are of importance as raw materials for 
the ceramic industry. 

Kaolinitic clay minerals are normally produced during podzoliza- 
tion in forest soil in temperate and humid climates. On the other 
hand, the clay minerals are often decomposed, with a consequent 
leaching of silica, when tropical weathering takes place. Aluminum 
hydroxide, along with ferric hydroxide, is widely distributed among 
the products of tropical weathering, but it is known also in some lime- 
stone soils (terra rossa) of Mediterranean climates. 
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All clay minerals have phyllosilicate structures, with Al 3+ as the 
most important and most common cation. Like the micas, the clay 
minerals contain the [Si0 4 ] tetrahedra arranged in the form of two- 
dimensional sheets, which, however, are not directly linked by cat- 
ions to form three-dimensional networks. Most clay minerals contain 
a separate A1(0,0H) 6 sheet intercalated between two sheets of [Si0 4 ] 
tetrahedra. In the micas the cation (Mg 2+ , Fe 2+ , Fe 3+ , Al 3+ , etc.) and 
the Si 4+ ion share an oxygen ion, whereas in the clay minerals there 
are either two oxygen ions, -0-0-, or an oxygen and a hydroxyl, 
-0-0H-, between the silicon and the aluminum ions. In the groups 
Si-O-O-Al and Si-O-OH-Al the bond between Si and A1 is weaker 
than the corresponding bond in the group Si-O-Al of the micas. In the 
clay minerals, which are always formed at low temperatures, alumi- 
num seems almost completely unable to replace silicon diadochically 
in the [Si0 4 ] tetrahedra. At any rate, this replacement is much more 
limited than in the aluminosilicates of igneous rocks. In clay miner- 
als, aluminum is nearly always found outside the silicon-oxygen 
framework as a cation with a co-ordination number 6, and thus the 
manner of occurrence of aluminum in clay minerals differs notably 
from that in the aluminosilicates of igneous rocks. 

One of the effects of the difference between the crystal structure of 
the micas and the clay minerals is that in the latter the cleavage par- 
allel to the sheets in the structure is often more prominent than in 
the former minerals. The perfect cleavage causes the formation of 
very finely divided particles during the transportation. During the 
settling in the sea the clay minerals and the chemically unaltered, but 
equally finely divided, mineral grains, consequently, become sepa- 
rated from the coarser-grained resistates, and clays of high purity 
may be formed which are valuable as raw materials for the ceramic 
industry. 

The enrichment of aluminum in the hydrolyzates is a feature most 
characteristic of this group of sediments. Although the average 
aluminum content of igneous rocks (8.13 per cent) given in Table 2.3 
is nearly equal with the corresponding average for Norwegian clays 
(8.37 per cent), calculated from the value presented by Goldschmidt 
(1933a), the fact must be taken into account that these clays are 
glacial clays, deposited in a cold climate and therefore showing only 
relatively small chemical changes. In clays formed during intensive 
weathering the chemical changes are more pronounced, and conse- 
quently their aluminum content is usually higher. Although the con- 
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tent of aluminum in river water is low, this metal is constantly pres- 
ent therein. Table 6.17 shows that the aluminum content of sea water 
is very low. The geochemical balance of aluminum in sea water 
(Table 6.19) also shows that the transfer percentage in this case is 
extremely low. These observations show that aluminum does not re- 
main permanently in the solutions produced during the weathering. 
Its hydroxide is weakly basic, and therefore the soluble aluminum 
salts, in common natural waters, are promptly hydrolyzed and sub- 
sequently removed in the solid products of weathering. Therefore, 
the resistates become impoverished in aluminum, whereas the hy- 
drolyzates become enriched therein, and it is evident that the content 
of aluminum in the hydrolyzates will increase parallel to the degree 
of change in their chemical composition. The deposition of aluminum 
in the hydrolyzates is almost quantitative, i.e., the quantity of alu- 
minum liberated from the minerals during their weathering is quanti- 
tatively transported into the hydrolyzates, and only very little is 
found in precipitates, oxidates, evaporates, and sea water. 

After their deposition the hydrolyzates are aged long before the 
diagenetic processes commence their work. The aging consists of the 
crystallization of the still remaining gels to form clay minerals. The 
indurated sediments may participate in metamorphic phenomena, 
during which mica schists and other rocks with a chemical composi- 
tion corresponding to that of the original argillaceous sediments may 
be formed. All such rocks are characterized by a high content of 
aluminum, which may serve as a criterion indicating whether a 
strongly metamorphosed rock is of igneous or of sedimentary origin. 

ALUMINUM IN THE BIOSPHERE 

Aluminum is widely distributed in all organisms, but it is believed 
to be a relatively unimportant constituent in them. This belief is due 
to the low solubility of the compounds of Al 3+ in neutral solution 
(Hutchinson, 1945). However, aluminum might be essential for high- 
er plants. Plants contain considerably more aluminum than animals 
do, and some plants are known to accumulate this metal. The most 
remarkable case is that of a tree, Orites excelsa , in which a basic alu- 
minum succinate is reported to occur in trunk cavities. Lycopodium al~ 
pinum may contain 33 per cent AI 2 O 3 in its ashes. In these plants, 
however, aluminum is a typical ballast element. It is also somewhat 
concentrated in coal ashes. Aluminum salts of organic acids also oc- 
cur elsewhere in the biosphere, e.g., Al 2 [Ci 2 0 i 2 ] • 18H 2 0, found, as m el- 
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lite, in brown coal. Many plants are very sensitive to aluminum, be- 
cause the Al 3+ ions are pronounced precipitants of negatively charged 
colloids. This property of aluminum may thus have important ef- 
fects on the properties of cultivated soil. 

Lower animals are usually higher in aluminum than are higher 
ones. There is some evidence that aluminum is involved in the oxida- 
tion of succinates in the mammals. Some other tri valent elements 
(Cr, Nd, La, Sm) may substitute for aluminum in this process. 

Diatoms are known to be able to decompose clay minerals, thus 
causing biological liberation of aluminum compounds. 

ALUMINUM ORES 

A number of large aluminum-ore bodies are pure weathering prod- 
ucts located in situ. The most important aluminum ores consist of 
bauxite and are the result of lateritic weathering. Bauxite and laterite 
consist of diaspore, a-A100H ; boehmite, 7 -AIOOH; gibbsite (hydrar- 
gillite), 7 -Al(OH) 3 ; ferric hydroxide, etc. With the exception of cryo- 
lite, all aluminum ores of technical importance are of sedimentary 
continental origin. The bauxite deposits are often located in their 
original place, and it is consequently possible to account for the na- 
ture of the parental rock. There are siliceous and calcareous bauxites, 
which are chemically rather similar. The siliceous bauxites are 
formed during a prolonged lateritization of igneous rocks, preferably 
of basic ones, e.g., gabbros, diabases, and, particularly, basalts. Car- 
bonated ground waters may play an active part in the direct forma- 
tion of aluminum hydroxide from basic igneous rocks. This group in- 
cludes, for example, bauxites in Germany, those in the French Cen- 
tral Plateau, and the Arkansas deposits in the United States. Many 
of these deposits are found in areas showing evidence of Tertiary vol- 
canic activity. They afford proof of the existence of a tropical climate 
during their formation. The calcareous bauxites are formed from im- 
pure argillaceous limestones under the action of carbon dioxide-bear- 
ing waters in a warm climate. The clayey material in the limestone 
is converted into bauxite, and the calcium carbonate is removed as 
bicarbonate. Such bauxite deposits are common in many places in 
central, eastern, and southern Europe, e.g., in southern France and at 
Tikhvin, south of Lake Ladoga in the XJ.S.S.R. 

Kaolin, a mixture of kaolinite and other clay minerals, both crys- 
talline and amorphous, is an important raw material of the ceramic 
industry. 
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Compared with bauxite, all other aluminum ores used are of rela- 
tively small importance. Cryolite, Na 3 [AlF 6 ], is mined at Ivigtut in 
western Greenland. This deposit is the only one of economic impor- 
tance. The cryolite forms a huge intrusive body in granite and was 
evidently formed at a rather low temperature. The cryolite body is 
next comparable to the minerals of miarolitic cavities often found in 
granites. The cryolite used as a flux in metallurgical processes is 
mostly artificial. 

Some silicate minerals rich in aluminum have recently been 
introduced as aluminum ores. At Boliden, Sweden, andalusite, 
A1 2 [0| Si0 4 ]> was mined for this purpose. The ore consists of andalu- 
site rock formed by replacement of acidic to intermediate volcanic 
rocks. 
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CHAPTER 18 


THE RARE-EARTH METALS: SCANDIUM, 
YTTRIUM, THE LANTHANIDES 

THE GROUP OF THE RARE-EARTH 1 METALS 

I N THIS book the group called the rare-earth metals includes scan- 
dium (Z = 21), yttrium ( Z — 39), and the lanthanides from lan- 
thanum (Z = 57) to lutecium (cassiopeium; Z = 71). Often only 
yttrium and the lanthanides are classified as rare-earth elements 
proper, and also other groupings are presented, all of which show that 
the term rare-earth elements is somewhat indefinite. Yttrium is here 
included because it is very closely associated with the lanthanides in 
Nature and resembles them chemically in many respects. Scandium 
is included because of its close chemical relationship to yttrium. 

On account of its chemical properties, thorium also is often includ- 
ed in the group of the rare-earth metals. It resembles scandium chem- 
ically in many respects. However, even though its manner of occur- 
rence rather closely resembles that of the rare-earth metals, it differs 
geochemically from them in many points and consequently is not 
discussed in this chapter. Moreover, it is now known that thorium 
forms with actinium, protactinium, uranium, and the transuranium 
elements a series of elements which are called thorides when quadri- 
valent and actinides when trivalent (Zachariasen, 1948). The tho- 
rides and the actinides resemble the lanthanides in many respects. 

It was pointed out in chapter 5 that the lanthanides form a notable 
exception to the general regularity in the Periodic System. The ad- 
dition of new /-type electrons to the atom when the proton number 
increases will take place prematurely in the inner N shell, whereas the 
outer shells remain unchanged. The result is a 4/ series of elements 
which are chemically very similar to one another and, consequently, 

1. The name earth (German Erde) originally referred to any not readily reducible oxides of 
metals. They were formerly believed to be elements. The alkaline earths include the oxides of 
calcium, strontium, and barium. The earth acids are the oxides of columbium and tantalum. 
Tonerde is alumina. 
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show notable similarities in their geochemical behavior. The de- 
crease in the size of the ionic radius in the lanthanide series, called 
the lanthanide contraction (see chap. 5), is also explained by these 
peculiarities in the atomic structure. Owing to the analogy in the 
structure of their electron shells, scandium and yttrium also rather 
closely resemble the lanthanides chemically. Scandium, however, 
differs from the lanthanides geo chemically in certain essential points 
— a difference caused by its decidedly smaller ionic size. 

The samarium isotope Sm 152 is radioactive and is the only known 
a-ray emitter found in Nature, with the exception of the members of 
the three heavy radioactive series. However, because of the low abun- 
dance of samarium and the scarcity of Sm 152 , the amount of helium 
contributed by samarium is negligible, compared with the quantity 
produced by other radioactive elements (Evans and Goodman, 
1944 ). 

The half-life of Sm 152 is 1.0 - 10 12 years. Another long-lived natu- 
rally radioactive isotope is the rare Lu 176 , with a half-life of £.4 - 10 10 
years. Its radiation consists of 7 -rays and negative /3-particles. 

ABUNDANCE AND GEOCHEMICAL CHARACTER OF 
THE RARE-EARTH METALS 

The rare-earth metals, the lanthanides in particular, form a geo- 
chemieally rather coherent group. It is believed that they according- 
ly still display the original abundance relationships which have suf- 
fered few, if any, changes because of physical and chemical processes 
causing selective separation. 

The abundance of the rare-earth metals in silicate meteorites and 
in the upper lithosphere is presented in Table 18.1. In addition, the 
atomic abundances of the lanthanides, referred to Y = 100, are pre- 
sented in Figure 18.1, which is taken from Goldschmidt (1937a). The 
observations of Goldschmidt and Thomassen (1924) on lanthanide 
minerals, Russell (1929) on the solar atmosphere, Minami (1935a) on 
shales, and Noddack (1935) on stony meteorites form the basis of 
this figure. Goldschmidt (19376) has expressed the belief that the 
lower abundance of cerium with respect to neodymium in silicate 
meteorites is probably due to an analytical error. 

Contrary to what is the case with most other elements, the average 
abundance of the rare-earth metals in the upper lithosphere has not 
been determined in igneous rocks but in argillaceous sediments. Such 
practice is legitimate, provided that no appreciable quantities of the 
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elements in question are found in volcanic emanations and that the 
amount finally remaining in the sea during the processes of weather- 
ing and the formation of sediments tends to be very small. 

Actually, the name rare-earth metals, which was first applied to 
the members of this group of elements, is no longer consistent with 
their real abundance. The values presented in Table 2.3 make evident 
that these elements are, in fact, not rare but considerably more abun- 


TABLE 18.1 

Abundance of the Rare-Earth Metals 


Material 

Sc 

t 

Y 

La 

Ce 

Pr 

, 

Nd 

' Pm 

l 

Sm 

Eu 

g/ton 

Silicate meteorites 










> (Noddack, 1935) . . . 
Silicate meteorites 

5 80 

6 13 

2 05 

2 30 

0.97 

3 37 


1 23 

0 30 

(Goldschmidt, 19376) 

5 









Shales (Minami, 1935a) 
Upper lithosphere 


28.1 

18 3 

46.1 

5 53 

23 9 


6.47 

1 06 

(Goldschmidt, 19376) 
Igneous rocks, Dutch 

5 









East Indies (van Ton- 
geren, 1938) 

2 7 

17.4 

19 6 

24 7 


18 1 





Material 

Gd 

Tb 

E>y 

Ho 

| Er 

Tm 

Yb 

Lu 

g/ton 

Silicate meteorites 

(Noddack, 1935) 

Shales (Minami, 1935a) 

1.84 

6 36 

0.58 

0 91 

2.34 

4 47 

0 66 

1 15 

1 93 
2.47 

1 

0 34 
0.20 

1 85 

2 66 

0.60 

0.75 


dant than many metals of technical importance, not necessarily con- 
sidered rare in everyday life. 

Scandium, yttrium, and the lanthanides are present in the Sun’s 
atmosphere, however, with the exception of terbium, which has not 
been detected with certainty, and holmium, the presence of which is 
unsettled. All these elements are present in very low concentrations 
in the metal and sulfide phases of the meteorites. In the silicate phase 
the abundance of scandium is as high as in the upper lithosphere, 
whereas the abundance of yttrium and the lanthanides is from two 
to ten times lower in the silicate meteorites than in the upper litho- 
sphere. 
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The lanthanides form a convincing example of the validity of the 
rule of Oddo and Harkins. Figure 18.1 gives conclusive evidence of the 
fact that the lanthanides with odd atomic number are, as a rule, less 
abundant than their even-numbered neighbors, both in cosmic and 
in terrestrial surroundings. 




Fig. 18 . 1 . — The atomic abundance of the lanthanides in the solar atmosphere, stony me- 
teorites, lanthanide minerals, and shales. 

The rare-earth metals are all strongly lithophile. Their lithophile 
character increases with increasing ionic radius. In the series Sc-Y-La 
the basic properties of the hydroxides increase toward lanthanum, 
the oxides grow less readily reducible, and the lithophile behavior of 
the elements increases. In the upper lithosphere all rare-earth ele- 
ments are strongly oxyphile. 

SCANDIUM IN IGNEOUS BOCKS 

Scandium was previously considered one of the rarest elements be- 
cause its presence was established in very few minerals and, besides, 
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it occurred therein only as a temporary constituent and in negligible 
amounts. However, Meyer (1908) found a notable content of scandi- 
um in wolframite, and Eberhard (1908, 1910) proved that scandium 
is a common and relatively abundant metal which may be detected 
by spectrochemical analysis in numerous rocks and minerals. Eber- 
hard found the highest scandium content in minerals of granites and 
granite pegmatites, such as cassiterite, wolframite, euxenite, mona- 
zite, eschynite, keilhauite, and zinnwaldite. Vernadsky (1924), using 
Eberhard’s results, considered scandium a typically dispersed ele- 
ment, which is evenly distributed in small quantities among various 
rocks. In addition, Vernadsky remarked that the minerals richest in 
scandium usually are typical of granites and their pegmatites. 

Goldschmidt and Peters (19316) found that the bulk of the scandi- 
um present in the upper lithosphere is concealed in the ferromagne- 
sium minerals of the early crystallates and of ultrabasic and basic 
rocks, such as pyroxenites and gabbros. Goldschmidt (1939) reports 
a maximum content of 116 g/ton Sc in pyroxenite. Scandium also 
occurs in the ferromagnesium minerals of silicic rocks. The scandium 
content in the ferromagnesium minerals is usually of the order of 
5~30 g/ton Sc. 

According to Oftedal (1943), practically all the scandium in igne- 
ous rocks is contained in pyroxenes, amphiboles, and biotite. He 
found a maximum content of 150 g/ton Sc in pyroxenes of basic ig- 
neous rocks and 200 g/ton Sc in the hornblende of a hornblende 
gabbro. The content in biotite and muscovite of granite pegmatites 
was up to 1,000 g/ton Sc and in beryl as high as 1 per cent. In silicic 
rocks the amphiboles probably tend to be lower in scandium than in 
basic rocks. The biotites are generally poor in scandium. According 
to Oftedal, biotite may be used as a geological thermometer, provided 
that it is the only ferromagnesium constituent of an igneous rock. 
The reason is that, when formed, the structure of biotite in many 
cases is saturated with scandium. Provided that none of this element 
is lost from biotite, a content of about 5 g/ton Sc in this mineral is 
a token of a high temperature of formation (basic and intermediate 
igneous rocks). A content of approximately 10-30 g/ton Sc indicates 
a low temperature of formation (acidic igneous rocks) . The scandium 
content in metamorphic rocks is about 20 g/ton Sc. Biotites formed 
from granitic magmas and their residual liquors during the final mag- 
matic stage contain 10-1,000 g/ton Sc. During the pneumatoly tic- 
hydrothermal stage, scandium may still become enriched in the 
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early-crystallized micas, which are comparatively rich in iron. Thus 
Oftedal found 2,000 g/ ton Sc in zinnwaldite from a granite pegma- 
tite. During further decrease of temperature, scandium is not en- 
riched in micas because it is no longer present. In beryl, scandium 
shows a behavior similar to that in micas. 

The size of Sc 3+ (radius 0.83 kX) permits its capture by Mg 2+ 
(radius 0.78 kX) and Fe 2+ (radius 0.83 kX) in mineral structures, but 
diadochically it cannot extensively replace Ca 2+ (radius 1.06 kX), 
Al 3+ (radius 0.57 kX), or Fe 3+ (radius 0.67 kX). According to Wick- 
man (1943), the E- value of Sc 3+ must be high. Thus Sc 3 * 1 - is unable to 
replace Mg 2+ directly in all minerals, because Pauling's rules must be 
satisfied. This involves, among other things, the impossibility of a 
substitution of MgSi by ScAl in olivine. 

The independent calcium and aluminum minerals of igneous rocks, 
such as plagioclase, nepheline, corundum, and the calcium-bearing 
garnets, usually contain little scandium or none at all. The reason for 
this lack is the difference in the size of ionic radii referred to above. 
In aluminum minerals, Sc 3+ may replace Al 3+ only provided that Al 3 + 
is also replaced by Mg 2+ or Fe 2+ , e.g., in allanite. 

Among the early crystallates the magmatic iron ores either are 
very low in scandium or contain none at all. In eclogites the garnet 
sometimes may contain a little more scandium than the pyroxene; 
the content runs as high as 65 g / ton Sc in both minerals (Gold- 
schmidt and Peters, 19316). 

The part of scandium which is not seized during the main stage of 
crystallization by the rock-making minerals mentioned above re- 
mains in the residual liquors and becomes enriched in plumasitic peg- 
matites and pneumatolytic rocks; in particular, in many minerals of 
the cassiterite- wolframite paragenesis. Also in this case scandium 
preferentially occurs in minerals of the Mg 2+ -Fe 2+ -Mn 2_f ' group, espe- 
cially in wolframite. Many minerals of the plumasitic complex peg- 
matites are, consequently, relatively rich in scandium, but the ag- 
paitic pegmatites do not carry this metal in important concentra- 
tions. Among the minerals of granite pegmatites, spessartite and 
tourmaline contain up to 65 g/ton Sc (Goldschmidt and Peters, 
1931 b), and still higher contents may be present in beryl (see above). 
Newhouse (1941) established the presence of scandium in magnetites 
associated with granite pegmatites. Wiikite, which is found in some 
granite pegmatites in eastern Fennoscandia (Impilahti), may contain 
in excess of 1 per cent Sc 2 0 3 , according to the analysis made by Sir 
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William Crookes in 1908. The only independent scandium mineral so 
far known is thortveitite, Sc2[Si 2 0 7 ], which occurs in pegmatites of 
southern Norway and Madagascar and contains 41-42 per cent 
Sco0 3 . It is often quoted as a typical example of structures containing 
[Sio0 7 ] groups. Bazzite is reportedly another scandium silicate, which 
also contains other rare-earth metals, sodium, and iron. 

Goldschmidt (1934, 1937c) found that the thortveitite at Ljosland 
in Norway has not received scandium from granitic residual solutions 
but from the surrounding ortho-amphibolite penetrated by the peg- 
matite veins. The amphibolite contains, on an average, 20 g/ton Sc, 
and the scandium has been leached out from the amphibolite into the 
pegmatite to form thortveitite. 

Eberhard (1&10) noticed a distinct, although usually weak, enrich- 
ment of scandium during pneumatolytic processes. In pneumatolytic 
plumasitic rocks, scandium is concentrated, particularly in cassiterite 
and wolframite. In both minerals the scandium content may be sev- 
eral tenths of 1 per cent. Goldschmidt and Peters (19316) explained 
the presence of scandium in wolframite as a result of the isomorphism 
between Fe 2+ W0 4 and Mn 2+ W0 4 , on the one hand, and ScCb0 4 and 
ScTa0 4 , on the other hand. Bivalent iron and manganese are re- 
placed by tri valent scandium, and the substitution of the binegative 
[W0 4 ] group by trinegative [Cb0 4 ] or [Ta0 4 ] maintains the electrical 
neutrality of the structure. It is a well-established fact that the wolf- 
ramites frequently carry noteworthy amounts of columbium and 
tantalum (see chap. 26). In like manner, Sc 3+ replaces Fe 2+ in triplite, 
and the electrical neutrality of the structure is maintained by the 
substitution of quadrinegative [SiOJ for trinegative [POJ. Gold- 
schmidt and Peters (19316) report up to 325 g/ton Sc in triplite. 

On the other hand, scandium does not replace calcium in scheelite. 
Its manner of occurrence in cassiterite is still unknown. Even though 
both columbium and tantalum are common constituents of cassiter- 
ite, the presence of ScCb0 4 and ScTa0 4 in the cassiterite structure is, 
so far, uncertain. If both wolframite and cassiterite are contempo- 
raneously present, scandium is predominantly enriched in wolframite. 

In rocks of hydrothermal and metasomatic origin, scandium also 
replaces bivalent iron and magnesium. Minute amounts of scandium 
are found in siderite, FeC0 3 , which contains, according to Gold- 
schmidt and Peters (19316), about 3 g/ton Sc. The reason is, accord- 
ing to Goldschmidt and Hauptmann (1932), that scandium ortho- 
borate, ScB0 3 , which has a structure (of calcite type) and structural 
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dimensions similar to those of ferrous carbonate, forms isomorphic 
mixtures with the latter. A corresponding isomorphism exists be- 
tween indium borate and calcium carbonate (see chap. 40). The gen- 
eral rule is that borates of such trivalent metals as have ionic radii 
similar to the radii of Mg 2 +, Fe 2+ , Mn 2+ , and Zn 2+ belong to the cal- 
cite type (In 3+ , Sc 3+ , Lu 3-1- ), whereas borates of metals with ionic 
radii intermediate between the radii of Ca 2+ and Sr 2 + in size belong 
to the aragonite type (La 3+ , Ce 3+ , Pr 3+ ). 

The manner of occurrence of scandium in the silicate minerals of 
magnesium is unknown. Goldschmidt and Peters (19316) suggested 
that B-0 complexes might substitute for Si-0 complexes when mag- 
nesium is replaced by scandium. They found 6.5 g/ton Sc in serpen- 
tine and chlorite of a probable igneous origin. The results of Bahama 
(19456) seem to afford proof of this assumption, because he found a 
substantial content of boron in serpentinites (see chap. 16). 

The radius of Sc 3+ is considerably smaller than the radii of La 3+ 
(1.22 kX) and of the trivalent lanthanides, and therefore scandium 
does not constantly accompany these metals in minerals. If scandium 
occurs together with considerable amounts of the lanthanides, only 
such members of the lanthanide series are especially concentrated as 
have the smallest ionic radii of all, i.e., ytterbium and lutecium, 
which actually occur in thortveitite. An example of the Sc^-In 3 * as- 
semblage, the existence of which Goldschmidt and Peters (19316) 
considered possible, seems to be the pegmatite investigated by 
Romeyn (1933), which contains 1.0-2. 8 per cent In and 0. 5-1.2 per 
cent Sc. The zirconium minerals contain only small quantities of 
scandium or are totally devoid of it because Sc 3+ , notwithstanding 
the similarity of the ionic radii, cannot substitute for Zr 4+ , owing to 
its unusually low concentration. Thortveitite, however, contains 
notable amounts of zirconium and hafnium, which replace scandium 
in the structure. The electrical balance is maintained by the substi- 
tution of Si 4+ by Be 24- in the silicon-oxygen complexes. 

The content of scandium in igneous rocks is illustrated by the 
analyses presented in Table 18.2. The enrichment of scandium in 
basic rocks is once more established by the analyses. This enrichment 
and the concentration of scandium in ferroinagnesium minerals in 
general show that scandium cannot be a dispersed element in the 
sense advocated by Vernadsky (1924). Another conclusion based on 
Table 18.2 is that scandium does not follow aluminum during the 
differentiation. 
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CYCLE OF SCANDIUM 

The discussion in the preceding paragraph shows that, even 
though scandium chemically resembles yttrium and the lanthanides 
to a considerable extent, it differs materially from them in its manner 
of occurrence in igneous surroundings. Corresponding differences are 
also found in phenomena related to weathering and the formation of 
sediments; evidently, these differences are due to the smaller ionic 
size and weaker basic properties of scandium as compared with 
yttrium and the lanthanides. In accordance with the greater radius 
of Sc 3+ , scandium hydroxide is somewhat more basic than is alumi- 
num hydroxide. On the other hand, the radius of tripositive scandium 


TABLE 18.2 

Content of Scandium in Igneous Rocks 


Rock 

Sc 

(g/ton) 

SC 2 O 3 

MgO 

AlaOs 

Per Cent 

Pyroxenites (Goldschmidt, 1934, 1937c) 

46 

0 007 

20 

5 

Gabbros (Goldschmidt, 1934, 1937c) 

20 

0 003 

8 

j 18 

Basalts (Goldschmidt, 1934, 1937c) . . 

6 5 

0 001 

6 

16 

Andesites (Goldschmidt, 1934, 1937c) .... 

4 6 

0 0007 

3 

17 

Granites (Goldschmidt, 1934, 1937c) .... 

1 3 i 

0 0002 

1 

15 

Nepheline syenites (Goldschmidt, 1934, 1937c). . . 

0 

0 

1 

20 

Ultrabasics, southern Lapland (Bahama, 19456) 

6 5 

0 001 



Gabbros and dolerites, southern Lapland (Sahama, 19456) 

20 

0 003 



Granites, southern Lapland (Sahama, 19456) 

0 7 

0 0001 



Syenites, southern Lapland (Sahama, 19456) . . 

2 

0 0003 




is smaller than the radius of tripositive yttrium and lanthanum, and 
therefore scandium hydroxide is less basic than yttrium hydroxide 
and lanthanum hydroxide. In iron-bearing hydrolyzates and oxi- 
dates, such as the red clay, the Se:Al ratio is nearly equal to the 
average ratio in the upper lithosphere. Such hydrolyzate sediments, 
however, which have lost the metals that form hydroxides more basic 
than aluminum hydroxide, contain but little scandium. Thus scandi- 
um has been leached out during the formation of bauxite. Because 
Sc (OH) 3 is more readily soluble than Al(OH) 3 , scandium tends to 
become enriched in oxidate sediments, for example, in sedimentary 
iron ores. However, no enrichment of scandium seems to take place 
in manganese ores of sedimentary origin. In carbonate sediments the 
content of scandium is negligible, and in this respect the behavior of 
scandium is just the reverse of the behavior of yttrium and the lan- 
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thanides. The content of scandium in sea water is very low, and the 
low value of the transfer percentage (see Table 6.19) shows that 
scandium is nearly quantitatively removed from sea water in the 
bottom sediments. For the same reason scandium is practically ab- 
sent in the evaporates. 

Table 18. S shows the content of scandium in some sediments and 
their derivatives. Unfortunately, the number of analyses available is 
still far from sufficient. 

Practically nothing is known about the migration of scandium 
during metamorphism. Eberhard (1908) found that, in a garnetiferous 

TABLE 18.3 

Content of Scandium in Sediments and Their Derivatives 

Material , . 

(g/ton) 

Bauxite, average (Goldschmidt and Peters, 19316) 2 

Terrigenous mud (Goldschmidt and Peters, 19316) .... 3 

Glauconitic sandstone (Goldschmidt and Peters, 19316) 3 

Radiolarian ooze, Globigerina ooze (Goldschmidt and 

Peters, 19316) 3 

Bed clay, average (Goldschmidt and Peters, 19316) .... 4.6 

Manganese nodule (Goldschmidt and Peters, 19316) .. . 3 

Sedimentary iron ores (Goldschmidt and Peters, 19316) 6 .5-65 

Quartzites, southern Lapland (Sahama, 19456) 0.7 

Aluminum-rich schists, southern Lapland (Sahama, 

19456) 6.5 

Carbonate rocks, southern Lapland (Sahama, 19456) ... 0 

mica schist, scandium was concentrated in garnet, wdiereas all the 
other minerals present in the rock were completely devoid of scandi- 
um. This observation would seem to mean that at least some migra- 
tion of scandium might take place. 

YTTRIUM AND THE LANTHANIDES 

Yttrium and the lanthanides are typical examples of a group of 
elements the members of which constantly occur together in Nature. 
According to their chemical properties, these metals are divided into 
two subgroups, which are 

Cerium-earth metals: La, Ce, Pr, Nd, (Pm), Sm, Eu 
Yttrium-earth metals: Gd, Tb, Dy, Ho, Er, Tm, Y r b, Lu, Y r 

Other names used of these groups are the cerium group and the 
yttrium group. For brevity, they are often called cerium earths and 
yttrium earths. The abbreviation TR (French: terres rares) is some- 
times used for these metals; it appears appropriate to designate the 
subgroups with TCe and TY. Europium is sometimes included in the 
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yttrium group. Promethium, Pm, is an unstable radioactive element; 
it is discussed in chapter 46. 

The compounds of the lanthanides are generally similar in both 
their physical and their chemical properties. The fluorides and oxa- 
lates are sparingly soluble. The basicity of the hydroxides varies: 
La(OH) 3 is the most basic, and the basicity decreases with decreas- 
ing ionic radius when the valence remains constant. 

According to the abundance values given in Table 18.1, the ceri- 
um-earth metals predominate in the upper lithosphere (shales), the 
most abundant among them being lanthanum, cerium, and neo- 
dymium. Yttrium is the most abundant yttrium-earth metal. 

YTTRIUM AND THE LANTHANIDES IN IGNEOUS ROCKS 

Eberhard (1908) emphasized the fact that lanthanum and yttrium 
are very common constituents of minerals and rocks, even though 
they occur in low concentrations; usually they occur along with 
scandium. How T ever, owing to their larger ionic size, yttrium and the 
lanthanides cannot replace magnesium and ferrous iron in mineral 
structures. They become enriched in the residual liquors during the 
crystallization and are plentiful in granites and nepheline syenites. 
Sahama and Vahatalo (19396) showed that yttrium and the lantha- 
nides also become enriched in residual crystallates of basic rocks 
(diabase pegmatites). Yttrium and the lanthanides have a pro- 
nounced affinity for phosphorus and also for fluorine, which is dis- 
played by numerous rare-earth minerals occurring in granite and 
nepheline syenite pegmatites. These minerals include yttrofluorite, 
(Ca,Y)F 2 - 3 ; tvsonite (fluocerite), LaF 3 ; the numerous multiple oxides 
which contain columbium, tantalum, titanium, uranium, and rare- 
earth metals, particularly yttrium (see Table 26.2), and which arc 
characteristic of many complex granite and nepheline syenite peg- 
matites; coddazite (cerian ankerite), (Ca,Ce) (Mg,Pe) [CG 3 ] 2 ; the 
fluocarbonates bastnasite, (La,Ce, . . .)[F|CG 3 ], and parisite, 
Ca(La,Ce, . . ,)[F 2 1 (C0 3 )2]; monazite, Ce[P0 4 ], and xenotime, 
Y[P0 4 ]; thortveitite, ScafSioCb]; thalenite, Y 2 [Si 2 0 7 ]; gadolinite, 
Y 2 Fe[0(BeSi0 4 ]2; allanite (orthite), a rare-earth-bearing Fe-Ca-Al 
silicate which is a member of the epidote-zoisite group; rinkite, 
Na(Ca,Ce) 2 (Ti,Ce)[F| (Si0 4 )a] ; and some other titanium and zirco- 
nium silicates of calcium and the alkali metals. In addition, there is a 
number of other silicate and borosilicate minerals containing yttri- 
um and the lanthanides. 


518 



THE RARE-EARTH METALS 


Notable amounts of yttrium and the lanthanides may occur in 
zircon, Zr[Si0 4 ], and thorite, Th[Si0 4 ], which are isomorphic w 7 ith 
xenotime. Mixed crystals are known: hagatalite and oyamalite, 
(Zr,Ce,Y)[(Si,P)0 4 ], and auerlite, (Th,Ce,Y)[(Si,P)0 4 ]. Alvite is a 
zircon which contains hafnium, thorium, and the rare-earth metals. 

Goldschmidt and Thomassen (1924) showed that, although the 
rare-earth metals form a geochemically strongly coherent group, 
their abundance in the above-mentioned minerals and in other inde- 
pendent rare-earth minerals varies considerably, owing to fractional 
crystallization and precipitation. Goldschmidt and Thomassen di- 
vided the rare-earth-bearing minerals into six types, which are char- 
acterized by the abundance graphs of Figure 18.2. The monazite and 
the allanite type are united in a single abundance diagram in this fig- 
ure. The types are united, according to the degree of differentiation, 
into two main categories which are the complete and the selective as- 
semblages. The complete assemblages contain all or nearly all lan- 
thanides from lanthanum to lutecium, and there is no sharp differ- 
ence between the abundance of the cerium-earth metals and that of 
the yttrium-earth metals. These assemblages are often found in min- 
erals which contain rare-earth metals only as accessory constituents, 
e.g., in apatite and many gadolinites. In the selective assemblages, 
on the contrary, either the cerium earths or the yttrium earths pre- 
dominate, as in allanite and xenotime. Consequently, the fractiona- 
tion proceeds parallel to increasing or decreasing basicity in these 
assemblages. 

The complete assemblages include two types : the apatite type and 
the yttrofluorite type. 

In the apatite type the cerium earths predominate, and the mutual 
abundance relationships of the lanthanides are as follows: 

Ce ^ Nd > Sin ^ Gd ^ Dy ^ Er ^ Yb . 

In the yttrofluorite type, the yttrium earths are of the same abun- 
dance as the cerium earths, as in yttrofluorite, or they predominate. 
As in the apatite type, the even-numbered lanthanides from cerium 
to ytterbium are present, but the intermediate members and the 
ytterbium end of the series predominate. Therefore, 

Ce = Nd, and often Nd ^ Sm ~ Gd . 

No marked peaks occur in the abundance graph. 

The selective assemblages include types in which both cerium 
earths and yttrium earths may predominate. The monazite, thalen- 
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ite, thortveitite, and xenotime types belong to these assemblages, as 
well as the wiikite type, established by Sahama and Vahatalo (1939a). 

In the monazite type cerium earths predominate. This type is 
characterized by the metals from lanthanum to samarium, still with 
an appreciable content of gadolinium and often small amounts of 
other yttrium-earth metals. The mutual abundance relationships of 
the even-numbered elements are 

Ce > Nd > Sm ^ Gd . 



La j Pr | Pm | Eu | Tb | Ho | Tm | Cp 
Ce Nd Sm Gd Dy Er Yb 



Fig. 18.2.- — The seven types of the lanthanide composition of minerals 
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Monazite and fluocerite from granite pegmatites belong to this type. 
Intermediate types exist between the monazite type and the com- 
plete assemblages. 

The allanite (orthite) type is characterized by the presence of the 
series La-Nd, small amounts of samarium and gadolinium, and some- 
times traces of the other yttrium-earth metals. This variety includes, 
along with allanite, other cerium-earth silicates, among others, the 
lanthanum-rich minerals present in nepheline syenite pegmatites. 
The allanite type is the most pronounced cerium assemblage. The 
monazite type forms an intermediate between the complete assem- 
blages and the allanite type. Compared with the apatite, the mona- 
zite and allanite types show that the series from samarium to ytter- 
bium is impoverished. 

The types with predominating yttrium earths have intermediates 
and all transitional types to the complete assemblages. In most yttri- 
um-earth assemblages there still are notable amounts of the cerium 
earths present, and the effect of the progressive differentiation ap- 
pears only in the shifting of a rather undecided maximum toward the 
higher atomic numbers, until ytterbium becomes the dominating lan- 
thanide, as it is in thortveitite. The cerium end of the series may com- 
pletely disappear during the change in the position of the maximum 
— xenotime is typical of this phase. The following four types belong 
to the selective assemblages w 7 ith predominating yttrium-earth 
metals. 

The thalenite type is characterized by a pronounced maximum at 
dysprosium and still with notable amounts of the cerium earths. It 
includes, along with thalenite, many gadolinites and a number of 
multiple oxides of coiumbium, tantalum, and titanium, and it still is 
not very far away from the complete assemblages. 

The thortveitite type is characterized by a conspicuously high con- 
tent of ytterbium and lutecium, along wdth much yttrium and scan- 
dium. The reason evidently is that the radii of Yb 3+ (1.00 kX) and 
Lu 3+ (0.99 kX) are closest to the radius of Sc 3_f (0.83 kX). The rule 
is that when the lanthanides accompany scandium in minerals, a rel- 
atively high content of ytterbium and lutecium is always to be ex- 
pected. In all minerals which have a lanthanide composition of the 
thortveitite type, i.e., in which ytterbium is strongly enriched, the 
yttrium-earth metals occur more or less as accessory constituents. It 
should be noticed, in addition, that hafnium is strongly enriched with 
respect to zirconium in thortveitite. Thortveitite is the foremost rep- 
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resentative of the thortveitite type, which is the rarest among the 
yttrium-earth assemblages. 

The characteristic features of the xenotime type are the predomi- 
nance of erbium and ytterbium, along with the presence of much 
gadolinium and dysprosium, and the strong impoverishment in all 
lanthanides preceding gadolinium. In this type, dysprosium, erbium, 
and ytterbium are rather uniformly distributed. The enrichment of 
the yttrium earths increases continually from the thalenite, through 
the thortveitite, to the xenotime type. The thortveitite and xenotime 
types are the most pronounced yttrium-earth varieties among the 
rare-earth assemblages. 

The wiikite type is still another independent class among the selec- 
tive assemblages. It was established by Sahama and Vahatalo 
(1939a), who found that its rare-earth composition was intermediate 
between the thalenite and the thortveitite types. The abundance 
graph of the wiikite type (calculated from wiikite No. 4437) is shown 
in Figure 18.2. Wiikite is chemically a rather complex multiple oxide 
of titanium, columbium, and tantalum with uranium and the rare- 
earth metals. It occurs only in the granite pegmatites at Impilahti in 
eastern Fennoscandia. In nearly all wiikites the yttrium earths, par- 
ticularly yttrium, are in excess over the cerium earths, and a strong 
ytterbium maximum, along with a well-developed dysprosium sub- 
maximum, is present. In this respect wiikite shows a marked differ- 
ence from the other columbium and tantalum minerals, investigated 
by Goldschmidt and Thomassen, in which dysprosium predominates 
but no ytterbium maximum is present. A comparison shows that 
more lanthanum and cerium is present in thortveitite than in wiikite. 

The description of the types shows that only the first and the last 
metals in the lanthanide series may become enriched enough to pre- 
dominate, viz., cerium (and lanthanum) in the allanite type and yt- 
terbium (with lutecium) in the thortveitite type. This is a result of 
far-advanced chemical and crystal chemical fractionating processes. 
In like manner, only the end -members of the lanthanide series may 
become highly deficient and disappear altogether. In the center of 
the group the enrichment and impoverishment phenomena always 
incorporate several metals. 

According to Goldschmidt and Thomassen (1924), the monazite 
type or the thalenite type might represent the original abundance 
distribution of the lanthanides. The calculation of the average com- 
position of the assemblages (see Fig. 18.1) leads to a complete assem- 
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blage, in which the cerium-earth metals predominate. According to 
Goldschmidt and Thomassen, there is also petrological evidence 
which indicates that a complete assemblage with predominating 
cerium-earth metals closely corresponds to the original assemblage. 

Haberlandt (1947) emphasizes the fact that the lanthanides become 
separated from one another, particularly the bivalent metals europi- 
um and ytterbium, perhaps also samarium. The rare-earth content 
of fluorite and feldspar depends on the manner of formation and the 
paragenetic relationships of these minerals. Thus bivalent europium 
is preferentially found in hydrothermal fluorites of ore deposits con- 
nected with intermediate igneous rocks, whereas bivalent ytterbium 
occurs in the low- temperature fluorites of granite pegmatites. The 
trivalent lanthanides become separated from one another in scheelite. 
Among the yttrium earths, terbium, dysprosium, and erbium are 
found chiefly in scheelites of granite pegmatites or otherwise related 
to residual granitic liquors, but europium and samarium usually oc- 
cur in scheelites of ore bodies genetically connected with more basic 
igneous rocks. Also in sphene and in allanite the abundance of the 
lanthanides depends on the chemistry of the parent-rock. Splienes 
rich in the yttrium earths are commonly found in granite pegmatites, 
but cerium-rich varieties of sphene occur in nepheline syenite pegma- 
tites. Most allanites are enriched in cerium earths, but in some gran- 
ite pegmatites the allanites may run relatively high in yttrium 
earths. According to Haberlandt, the cerium-earth metals, whose 
hydroxides are the more basic, are found in basic rocks, whereas the 
yttrium earths, which form less basic hydroxides, are concentrated in 
silicic igneous rocks. However, the lanthanide differentiation does 
not take place in all minerals : the cerium earths predominate in mon- 
azite and the yttrium earths in xenotime and zircon. 

Most of the independent rare-earth minerals are constituents of 
granite and nepheline syenite pegmatites. In the minerals of the 
granite pegmatites the yttrium earths often predominate, whereas 
the bulk of the rare-earth metals found in minerals of nepheline sye- 
nites and nepheline syenite pegmatites usually consists of the cerium- 
earth metals. In accordance with their high redox potential, the 
nepheline syenites often contain considerable amounts of quadriva- 
lent cerium along with trivalent cerium. However, most of the inde- 
pendent rare-earth minerals found in pegmatites are rare, geochemi- 
cally speaking, and therefore they carry only a negligible part of 
yttrium and the lanthanides of the upper lithosphere. In conformity 
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with scandium, the bulk of yttrium and the lanthanides is concealed 
in minerals formed during the main stage of crystallization. Only a 
relatively small part of these elements has become enriched in peg- 
matites. 

Yttrium and the lanthanides, even when present in small quanti- 
ties, show a notable tendency to form independent minerals in igne- 
ous rocks. Such minerals, e.g., allanite and monazite, which are com- 
mon accessory constituents of many igneous rocks, are of high geo- 
chemical importance because they contain a very considerable part 
of the yttrium and lanthanides found in the upper lithosphere. Mon- 
azite, in addition, is the most important ore mineral of these metals. 
Another mineral of potential importance as a carrier of much of the 
supply of yttrium and the lanthanides is xenotime. Sahama and 
Vahatalo (19396) emphasized the fact that xenotime occurs in many 
pegmatitic and muscovite-bearing granites and might thus be more 
common than previously held and might act as one of the carriers of 
the yttrium earths. Hutton (1947) established the common occur- 
rence of monazite and xenotime as nuclei of pleochroic haloes in 
granites. This observation affords proof of the validity of the forego- 
ing assumption. 

Another part of yttrium and the lanthanides is incorporated in 
some other minerals which are not independent rare-earth minerals 
but contain these metals as nonessential constituents. Apatite, fluo- 
rite, sphene, zircon, garnet, and perhaps also biotite are the most im- 
portant among such minerals. However, it must also be emphasized 
that there exists an yttrium-rich variety of sphene: keilhauite or 
yttrotitanite, (Ca,Y,Ce)(Ti,Al,Fe 3+ )[(0,OH,F) |SiOJ. 

Apatite is the only common and quantitatively important mineral 
found in the early crystallates which contains notable amounts of 
yttrium and the lanthanides. The apatites of basic rocks (gabbro 
pegmatites) are richer in rare earths than are the apatites found 
in granite pegmatites and in pneumatolytic rocks. Britholite, 
(Na,Ce,Ca) 5 [F| (Si0 4 ,P0 4 ) 3 ]> a member of the apatite group, is found 
in nepheline syenites, and the Chibina apatites of the Kola Penin- 
sula in Russia are of this composition. In like manner the 
sphenes of the Kola Peninsula are cerium-dominant (Sahama, 
1946). Another rare-earth (yttrian) apatite is abukumalite, 
(Y,Th,Ca) 6 [(F,0) | (Si0 4 ,P0 4 ,A10 4 ) 3 ]. 

Fluorite, sphene, and garnet contain, in general, relatively more 
yttrium-earth metals than do allanite and monazite. They are, ac- 
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cordingly, carriers of a considerable proportion of the total of the 
yttrium earths. Apatite, monazite, and the minerals of the epidote- 
zoisite group, on the other hand, are important carriers of the ceri um 
earths. Goldschmidt and Peters (19316) showed that small amounts 
of yttrium, and evidently of the other yttrium-earth metals as well, 
are present in many early-crystallized calcium minerals, such as py- 
roxenes, amphiboles, and garnets. In all such minerals the yttrium- 
earth metals are captured to replace calcium. The yttrium-earth 
metals are concentrated because their ionic radii are closer to the ra- 
dius of the bivalent calcium ion than are the radii of the cerium-earth 
metals. This also explains the concentration of the yttrium-earth 
metals in calcites of mineral veins and the relative enrichment of bi- 
valent ytterbium, compared to the other yttrium-earth metals, in 
certain calcium minerals. 

Because the anorthite component, CajALS^Og], of the plagioclase 
feldspars is the most common calcium compound found in igneous 
rocks, it might be suggested that a small part of calcium in plagio- 
clase would be replaced by the rare-earth metals. However, according 
to Schiebold (1931), this is theoretically improbable. Plagioclases 
usually contain very small quantities of yttrium and the lanthanides. 
These metals, on the other hand, are found in potash feldspars, but 
the cerium earths always predominate there. The explanation is that 
the lanthanides replace potassium in the feldspar structure, and the 
similarity between the ionic radii is closer in the case of the cerium- 
earth metals than in the case of the yttrium-earth metals. Actually, 
the ionic radius of trivalent lanthanum is greater than the radii of 
the trivalent lanthanides, and this property leads to a partial sepa- 
ration of lanthanum from the lanthanides by its incorporation in the 
potash feldspars. Therefore, as pointed out by Goldschmidt (19376), 
lanthanum might tend to follow an independent course during crys- 
tallization, but the separation is very much less complete than the 
separation of europium (see below). 

Wiekman (1943), in a discussion dealing with the behavior of the 
rare-earth metals during magmatic crystallization, pointed out that 
yttrium and the yttrium earths resemble bivalent calcium in co-ordi- 
nation, whereas the cerium-earth metals prefer a somewhat higher 
co-ordination number. The J3-values of the rare-earth metals are rel- 
atively high, and therefore these metals should occur in the early 
crystallates. However, they are usually concentrated in the residual 
liquors, and the reason is that it is not possible to maintain the elec- 
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trieal neutrality of the structures when the rare-earth metals substi- 
tute for the big cations in silicate minerals. In the pairs Sc 3+ -Mg 2+ , 
Ba 2+ -Iv + , Sr 2+ -K + , and Ca 2+ -Na + it is commonly possible to replace 
Si 4+ by Al 3+ ; but, when the rare-earth metals are dealt with, the only 
possibility is the substitution of Si 4+ by Be 2+ in the silicon-oxygen 
tetrahedra. Because the E- value of Be 2+ is low, beryllium is an ele- 
ment of the low-temperature assemblages, and yttrium and the lan- 
thanides cannot be incorporated in the feldspar structure at elevated 
temperatures when beryllium is absent. According to Wickman, the 
trivalent lanthanides become enriched in beryllium-bearing feld- 
spars. On the other hand, the bivalent europium ion may already 
enter the feldspars at high temperatures just as bivalent strontium 
does. Therefore, the early -formed alkali feldspars are able to concen- 
trate europium. 

In structures in which the electrical neutrality is maintained by 
ions with large E-values, yttrium and the lanthanides may become 
incorporated even at high temperatures. Yttrium may replace calci- 
um in apatite, and the valence requirements are adjusted by substi- 
tuting Si 4+ for P 5+ in the anion complex. In sphene it is possible to 
exchange Ti 4+ for Fe 3+ or Al 3+ : 

CaTi^YAl (^NaCb). 

The explanation of the presence of yttrium in garnet is the resulting 
decrease in the charge of the 6-co-ordinated ions by one unit. 

Even though the general laws that govern the manner of occur- 
rence and distribution of yttrium and the lanthanides are known, the 
detailed information regarding their content in igneous rocks and 
minerals is rather incomplete. The content of yttrium in minerals is 
rather well known. Goldschmidt and Peters (19316) report the fol- 
lowing contents: ferromagnesium minerals (olivine, pyroxenes, am- 
phiboles), 0-8 g/ton Y; garnets, zinnwaldite, wolframite, up to 
8 g/ton; triplite, scheelite, nepheline, siderite, less than 8 g/ton; min- 
erals of plumasitic pegmatites (corundum, beryl, tourmaline, micas), 
0 g/ton; aegirite (from granite pegmatite), columbite, spessartite, 
79-790 g/ton; eucolite, orangite, 790 g/ton. Sometimes the enrich- 
ment of yttrium in garnet is very considerable (yttrian almandite) . 
Bahama (1936) found that yttrium (as well as scandium) was en- 
riched in garnet and hypersthene in the granulites of Finnish Lap- 
land; lanthanum, cerium, and europium were enriched in feldspars. 
Scandium was evenly distributed between garnet and hypersthene, 
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whereas the bulk of yttrium occurred in the garnet. Sahama reported 
the following maximum contents: in potash feldspar 425 g/ ton La, 
425 g/ ton Ce, 4 g/ton Y; in garnet 470 g/ton Y. 

The content of yttrium in the various classes of igneous rocks is 
presented in Table 18.4. According to Goldschmidt and Peters 
(1931 6), yttrium is absent in magmatic iron ores. Goldschmidt, 
Hauptmann, and Peters (1933) found that yttrium is relatively 
strongly concentrated in acidic rocks. 

According to van Tongeren (1938), the content of ytterbium in the 
igneous rocks of the Dutch East Indies is of the order of 0.9 g/ton Yb. 

The analyses of Minami (1935a) show that, apart from cerium and 
neodymium, samarium and gadolinium are the most abundant of the 

TABLE 18.4 

Content of Yttrium in Igneous Rocks 

Rock , y , 

(g/ton) 

Dunite (Goldschmidt and Peters, 19316) <8 

Liparites and rhyolites (Goldschmidt and Peters, 1932a) <8 

Ultrabasics, southern Lapland (calculated from Sahama, 

19456) 0.8 

Gabbros and dolerites, southern Lapland (calculated 

from Sahama, 19456) 7.9 

Granites, southern Lapland (calculated from Sahama, 

19456) 5.5 

Syenites, southern Lapland (calculated from Sahama, 

19456) 7.9 

even-numbered lanthanides and that erbium and ytterbium are the 
most deficient (see Table 18.1). Sahama and Rankama (1938) foimd 
that among the Archean granites of Finland the richest in the rare- 
earth metals usually belong to the youngest age groups. This result 
was confirmed by Sahama and Vahatalo (19396), who also found that 
most of the granites investigated had a pronounced cerium maximum 
in the abundance graph of the lanthanides. However, in some gran- 
ites the yttrium-earth metals were enriched. This shows that the 
abundance of the cerium-earth and the yttrium-earth groups may 
vary considerably. According to Sahama and Vahatalo, the lan- 
thanides were altogether absent in gabbros and diorites. Nepheline 
syenites, in general, are rich in the cerium-earth metals (Gold- 
schmidt, Hauptmann, and Peters, 1933). 

The content of some of the cerium-earth metals in the various 
classes of igneous rocks is presented in Table 18.5. A comparison of 
Tables 18.4 and 18.5 shows that yttrium is enriched in basic rocks, 
compared with lanthanum, cerium, and neodymium. The reason is 
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the calcium-yttrium diadochy; the substitution of Ca 2+ by Y 3+ is 
easier than the substitution by La 3 +, Ce 3+ , or Nd 3 +. 

CYCLE OF YTTRIUM AND THE LANTHANIDES 

Like most other trivalent metals, yttrium and the lanthanides are 
collected, for the most part, in hydrolyzate sediments. Scandium, 
yttrium, and the lanthanides do not become collected in the residual 
bauxites, because their ionic potentials are lower than the potential 
of aluminum and, consequently, permit their removal in aqueous 

TABLE 18 5 


Content of Some Cerium-Earth Metals in Igneous Rocks 


Rock 

La 

Ce 

Nd 

g/ton 

Dunite (Goldschmidt, 1937a) 

0 



Gabbro (Goldschmidt, 1937a) 

9 



Diorite (Goldschmidt, 1937a) . . ... 

26 



Granite (Goldschmidt, 1937a) 

43 



Nepheline syenite (Goldschmidt, 1937a) . 

430 



Ultrabasics, southern Lapland (calculated from Sahama, 




19456) 

0 

0 

0 

Gabbros and dolerites, southern Lapland (calculated from 




Sahama, 19456) ... ... 

0 

0 

0 

Granites, southern Lapland (calculated from Sahama, 




19456) 1 

60 

65 

60 

Syenites, southern Lapland (calculated from Sahama, 




19456) 

51 

49 

26 


solution. Because their hydroxides are stronger bases than aluminum 
hydroxide, they remain partly in solution during the weathering and 
the formation of the hydrolyzates. Such remains are carried down in 
the carbonate sediments. Therefore, limestones contain appreciable 
quantities of yttrium and the lanthanides diadochically replacing 
calcium. Goldschmidt (1937a) found all lanthanides and yttrium in 
the calcium carbonate of coral limestone. However, only traces of 
scandium are present. This circumstance is another proof of the fact 
that yttrium and the lanthanides, the cerium-earth metals in par- 
ticular, form ionic solutions during weathering with a considerably 
higher degree of ease than scandium does. 

Yttrium is notably concentrated in the insoluble residues formed 
during the solution of limestones and in calcareous shells of marine 
organisms. 
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The quadrivalent cerium probably follows thorium and scandium 
in its cycle, unlike the tri valent yttrium and lanthanides. 

Hydrous carbonate and phosphate minerals of secondary ori- 
gin of the rare-earth metals are known to exist, such as lanthanite, 
(*La,Ce, . . .) 2 [C 0 3 ] 3 - 8 H: 0 , which occurs in soil, and weinschenkite, 
(Y,Er)[P0 4 ] *2H 2 0, which is found as a coating on manganiferous 
limonite ores in Bavaria and in Virginia in the United States. Ac- 
cording to Milton, Murata, and Knechtel (1944), the weinschenkite 
in Virginia was deposited from meteoric w r aters as a result of secular 
extraction of the rare-earth metals from clay by chestnut trees, con- 


TABLE 18.6 


Content of Yttrium in Sediments and Their Derivatives 
Material (JtOB) 


Bauxites (Goldschmidt and Peters, 19316) <8 

Terrigenous mud (Goldschmidt and Peters, 19316) . . 0 

Red clay, average (Goldschmidt and Peters, 19316) . . <8 

Radiolarian ooze (Goldschmidt and Peters, 19316) ... 0 

Globigerina ooze (Goldschmidt and Peters, 19316) ... <8 

Manganese nodule (Goldschmidt and Peters, 19316) . . 8 

Glauconitic sandstone (Goldschmidt and Peters, 

19316) <8 

Sedimentary iron ores (Goldschmidt and Peters, 

19316) usually 8-7 9 

Sedimentary manganese ores (Goldschmidt and Pe- 
ters, 19316) maximum 8 

Quartzites, southern Lapland (Sahama, 19456) 1.6 

Aluminum -rich schists, southern Lapland (Sahama, 

19456) 15.8 

Carbonate rocks, southern Lapland (Sahama, 19456) 0 


centration in chestnut leaves, deposition in soil, adsorption in limo- 
nite and psilomelane, and precipitation as phosphate. 

The content of yttrium and the lanthanides in sediments and their 
derivatives is known very incompletely. What information is avail- 
able is presented for yttrium in Table 18.6 and for lanthanum, ceri- 
um, and neodymium in Table 18.7. In the rocks of southern Lapland, 
yttrium is enriched in the hydrolyzates, which have received material 
from basic rocks. Cerium is evidently highly deficient in the hydroly- 
zate sediments of this area. 


EUROPIUM 

The abundance graphs presented in Figure 18.1 show that one 
the lanthanides, viz., europium, is nearly totally absent in the mate- 
rials investigated. However, in stony meteorites and in shales the 
abundance of europium is nearly as high as, for example, the abun- 
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dance of terbium. The presence of europium in the solar and stellar 
atmospheres has also been established, and actually it is an abundant 
element therein, as far as the lanthanides are considered. The ex- 
planation of the scarcity of europium in the rare-earth minerals is 
that it usually occurs in the bivalent state in Nature and consequent- 
ly does not accompany the other lanthanides, which are trivalent, 
but becomes individually concentrated in other minerals. Because 
the radius of Eu 2+ (1.24 kX) corresponds closely to the radius of Sr 2+ 
(1.27 kX), it is natural to assume that europium follows strontium 
and is concentrated in minerals and rocks which are rich in this 
metal. Goldschmidt (1937a, b ) has shown that actually some miner- 

TABLE 18.7 

Content of Lanthanum, Cerium, and Neodymium in 
Metamorphosed Sediments of Southern 
Lapland (Sahama, 19456) 


Rock 

La 

Ce 

Nd 

g/ton 

Quartzites 

17 

24 

17 

Aluminum-rich schists 

26 

0 

26 

Carbonate rocks 

0 

0 

0 


als of strontium and lead (the radius of Pb 2+ is 1.32 kX) contain 
noteworthy amounts of europium, compared with the amounts of the 
other rare-earth metals which may be present. Such minerals are 
strontianite, SrC0 3 , and pyromorphite, Pb 5 [Cl| (POOsL which some- 
times contain up to 860 g/ton Eu. Among the rock-making minerals, 
sphene (up to 340 g/ton Eu) and the early-crystallized, strontium- 
rich potash feldspars (up to 17 g/ton Eu) are particularly rich in 
europium (Goldschmidt, 19376). In like manner the lead -bearing 
feldspars may carry considerable amounts of europium. Bivalent 
europium is sometimes also concentrated in fluorite (maximum 400 
g/ton Eu) and in calcite (up to 10 g/ton Eu). Goldschmidt (1939) re- 
ports 32 g/ton Eu in a carbonate rock of igneous origin. According 
to Haberlandt (1947), europium, along with other lanthanides, is 
present in uraninite. It is particularly enriched in the hydrothermal 
uraninites, but the uraninites of pegmatites are rather poor in europi- 
um. Likewise, the hydrothermal fluorites are rich in europium, but 
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the content in pegmatite fluorites is low. Also, some hydrothermal 
apatites are europium-bearing. 

According to Sahama (19456), the young granites of southern Lap- 
land in Finland contain less than 0.9 g/ton Eu. In gneissose granites 
and granite gneisses of this area the content is 2.6 g/ton. No other in- 
formation is available to show the europium content of igneous 
rocks. 

In limestones, bivalent europium follows strontium and, conse- 
quently, replaces calcium in the calcite structure. During the weath- 
ering, bivalent europium is largely oxidized to the trivalent state and 
then follows the other lanthanides being precipitated in the hydroly- 
zates. Therefore, europium in shales is nearly as abundant as, e.g., 
terbium, as was shown by Minami (1935a). There is no other infor- 
mation available on the content of europium in sediments and their 
derivatives. 

THE RARE-EARTH METALS IN THE BIOSPHERE 

The rare-earth metals occur in small concentrations as temporary 
constituents of plants and animals. Their presence is reported in al- 
gae. With the exception of holmium, terbium, and lutecium, the 
rare-earth metals have been found in some plants, for example, in 
hickory and chestnut leaves and in tobacco and rice. They are also 
enriched in coal ashes (Goldschmidt and Peters, 1933c). The content 
of scandium in coal ashes may be 3 g/ton Sc; the content of yttrium 
is less than 8 g / ton Y (Goldschmidt and Peters, 19316). The content 
of lanthanum in soil is up to 500 g/ton La, and the content of yttri- 
um, similarly, up to 500 g/ton Y (Mitchell, 1944). The presence of 
the rare-earth metals has been established in bones, and scandium, 
at least, is found as a constituent of marine animals (Noddack and 
Noddack, 1940). 
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CARBON 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

C ARBON differs chemically from all other elements by its proper- 
ty of being capable of forming more compounds than all the other 
elements together. The number of known compounds of all elements 
with the exception of carbon is about forty thousand, but that of car- 
bon compounds is estimated to approach four hundred thousand. 
This peculiarity of carbon is caused by its atomic properties, in par- 
ticular by its ability to form chains and rings of linked carbon atoms. 
The ultimate result is the formation of organic compounds with com- 
plex structures which are unrivaled among inorganic substances. 

Carbon is cosmically both an abundant and a common element. 
The spectra of the stars belonging to classes R and N show very 
strong bands which are due to carbon molecules and carbon com- 
pounds. The atmospheres of such carbon stars are reducing because 
their carbon content is higher than the content of oxygen. The star 
R Coronae Borealis contains much carbon but only a little hydrogen. 
Carbon is one of the most abundant elements in the solar atmos- 
phere. It acts as a catalyst in the nuclear reactions producing stellar 
energy (see chap. 2). The atmosphere of Venus contains large 
amounts of carbon dioxide, and methane is one of the chief constitu- 
ents of the atmospheres of the giant planets. Carbon compounds are 
present in comets, and carbon is a constituent of the meteorites. The 
abundance of carbon calculated from Tables 1.3 and 2.3 for the 
meteorites and for igneous rocks is given in the accompanying tabu- 
lation. 

Material (Percent) 


Irons 0.08 

Chondrites 0.16 

Achondrites 0 

Igneous rocks 0 . 03 


Even though the distribution of carbon among the meteorite 
phases is not known in all details, carbon certainly is a definite con- 
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stituent of iron meteorites. It occurs in the meteorites chiefly as 
cohenite, Fe 3 C, and often as graphite, whereas moissanite, SiC, dia- 
mond, and amorphous carbon are rare. Some chondrites are excep- 
tionally rich in carbon. These facts show that carbon is geochemically 
a siderophile element. However, it is also lithophile and, in the form 
of carbon dioxide and methane, one of the atmophile elements. The 
most conspicuous geochemical feature of carbon, however, is its 
strong biophile character: it is a primary constituent of all living 
matter. 

According to its electron configuration, carbon may occur in its 
compounds in the tetrapositive and tetranegative state. Because of 
the relatively high redox potential in the upper lithosphere, carbon 
nearly always forms complex [C0 3 ] anions in igneous rocks. In the 
upper lithosphere carbon is definitely oxyphile. It is tetranegative in 
carbides, but in these compounds the bond is covalent or metallic. 

CARBON IN IGNEOUS ROCKS 

Primary igneous rocks contain carbon either in the native state 
(diamond and, rarely, graphite), as [C0 3 ] groups in certain silicate 
and other minerals, or as independent carbonate minerals. Diamond 
is not uncommon as a constituent of certain ultrabasic rocks. It oc- 
curs as a product of deep-seated crystallization, particularly in the 
kimberlite pipes and volcanic necks in South Africa, and evidently it 
has been transported relatively rapidly by the ascending magmas 
from the lower levels of the lithosphere. It is considered to have been 
formed under high pressure. When occurring in igneous surroundings, 
graphite is mainly restricted to pegmatites and hydrothermal rocks. 
It is, however, a common constituent of metamorphic rocks, and 
usually it is formed from carbonaceous material of the sediments dur- 
ing metamorphism. In any case both graphite and diamond are rare, 
and therefore their role in the quantitative geochemistry of carbon 
is rather unimportant. Carbon in [C0 3 ] anions occurs as an essential 
constituent of some silicate, phosphate, and other minerals. It is 
analogous to the chloride and sulfate anions in scapolite and apatite 
and in cancrinite, a constituent of alkalic rocks. Among these miner- 
als, apatites are geochemically the most important. However, the 
most common apatites of igneous rocks are chlorapatites and fluor- 
apatites, and carbonate apatites are rare. 

The independent carbonate minerals represent the most important 
manner of occurrence of carbon in igneous rocks. Among them, cal- 
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cite, CaCOs, is the most important species. According to Clarke 
(1924), the average C0 2 content of igneous rocks is 0.101 per cent by 
weight, but actually the content shows a wide range of variations. 
The carbonate ions tend to concentrate toward the last stages of 
magmatic crystallization. Veins of carbonate minerals are sometimes 
formed during the pegmatitic stage, and their number increases 
greatly when the pneumatolytic and hydrothermal stages of crystal- 
lization are reached. These veins carry carbonates of magnesium and 
iron along with calcium carbonate. Under exceptional conditions the 
residual solutions rich in water and carbon dioxide may produce pri- 
mary igneous rocks which contain chlorite and siderite, FeCCh, as 
their main constituents. 

The content of carbon in igneous rocks is relatively low, and it is 
evident that the bulk of carbon is not deposited in rocks formed dur- 
ing the main stage of crystallization but becomes concentrated in the 
residual solutions and combines with oxygen to form carbon dioxide 
and the anions of carbonic acid. When the supply of oxygen is not 
sufficient or when a partial reduction takes place, carbon monoxide 
is formed. The carbon oxides are constituents of volcanic emanations 
(see Table 5.38), wffiich carry carbon dioxide as one of their main con- 
stituents; carbon monoxide is of less importance. The amount of car- 
bon dioxide of juvenile origin which escapes into the atmosphere is 
very remarkable : 0.003 mg-cm~ 2 -0.006 mg •cm” 2 annually, accord- 
ing to the estimate of Goldschmidt (1933a; see under “Cycle of Car- 
bon,” p. 541) . As a matter of fact, juvenile carbon dioxide is the most 
important source of carbon in its cycle. It is important to note, how- 
ever, that only a part of the carbon dioxide brought to the surface in 
volcanic emanations is of true juvenile origin. Another part may have 
been released by the action of rock melt on rocks surrounding the 
center of volcanic activity. In fact, limestone beds often occur in the 
immediate neighborhood of volcanoes. The silica of the molten rock 
has metasomatically replaced the carbon dioxide of the carbonates, 
and thus silicates have been produced under the simultaneous libera- 
tion of carbon dioxide, which in this case is ultimately of meteoric 
origin. 

CARBON IN THE BIOSPHERE 

Carbon is the characteristic element of all organic substances. The 
carbon content of higher organisms is 15-20 per cent. The unique 
chemical properties of carbon referred to in the first paragraph of this 
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chapter are the cause of its dominant role in the biosphere. In living 
matter, carbon occurs chiefly in carbohydrates, lipides, and proteins. 
Notwithstanding the dominant role of carbon in the biosphere, its 
amount therein is surprisingly small. 

The manner of occurrence of carbon in the biosphere was discussed 
in chapter 8. 

CYCLE OF CARBON 

The principal qualitative features in the cycle of carbon have long 
been known. The German chemist, Justus von Liebig (1803-73), was 
the first to emphasize, in 1840, the importance of the inorganic and 
biochemical processes involved therein; and Jean Baptiste Andre 
Dumas (1800-1884), the French chemist, presented, in 1841, the 
first general scheme of the cycles of carbon and nitrogen. 

The cycle of carbon is presented in Figure 19.1, which is based on 
the diagrams presented by Goldschmidt (1933a, 1934), Noddack 
(1937), Eskola (1939), Kalle (1943), Fearon (1947), and on still other 
information. The main features of the cycle of carbon are the fol- 
lowing: 

Carbon dioxide is released by volcanic vents and hot springs. This 
carbon dioxide is partly juvenile and partly meteoric. A small part 
of it may react at low temperatures metasomatically with silicate 
rocks, thereby replacing the silica of silicates. Spilites and talc-car- 
bonate rocks are formed as a result of this process. However, the 
greatest part of the carbon dioxide escapes into the atmosphere or 
becomes dissolved in water. During weathering, the carbon dioxide- 
bearing waters react chiefly with dissolved calcium salts to form cal- 
cium carbonate and calcium bicarbonate. Calcium carbonate is final- 
ly deposited by either inorganic or organic agents. The formation of 
limestone is the greatest leak in the cycle of carbon. It is evident that 
the carbon dioxide removed from the cycle by this process will never 
totally return into the atmosphere. Only negligible amounts of car- 
bon dioxide are liberated during the silicification of the limestones, 
and therefore the quantity of the carbonate rocks is bound to in- 
crease, as pointed out by Hogbom (1894). So far, the deficiency 
caused by the formation of carbonate sediments is covered by carbon 
dioxide produced by the volcanoes and by industrial activity. 

Another part of the carbon dioxide is used by the green plants, 
which convert it into organic compounds by photosynthetic reduc- 
tion (see chap. 8). Higher plants and algae release carbon dioxide by 
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respiration in the dark concurrently with its absorption, and the net 
effect is production of carbon dioxide. Green terrestrial plants do not 
take the bulk of their carbon dioxide from the atmosphere but from 
soil in which the CO2 content is considerably higher than in air. In 
tropical forests there actually occurs a local, more or less closed, par- 



tial cycle of carbon dioxide between soil and the leaves, and a similar 
partial cycle takes place in the sea. Therefore, the free atmospheric 
carbon dioxide is largely only a reserve supply, and many authorities 
believe that it is nothing but a residue from the partial cycle. Its con- 
tent depends on the carbon dioxide equilibrium of the sea, contrary 
to the carbon dioxide found in soil. An increase in the carbon dioxide 
content of air goes ultimately for the benefit of marine algae, which, 
therefore, in this case will determine the partial pressure of carbon 
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dioxide in the surface layer of the sea. Thus industrial production of 
carbon dioxide (see the following paragraph) means increased pro- 
ductivity of the ocean. 

A part of the vegetable carbon is consumed by animals and returns 
into the atmosphere mostly as carbon dioxide, a product of respira- 
tion. Methane is produced in bacterial fermentation. After the death 
of the plants, most of their carbon is oxidized to carbon dioxide and 
returns to the atmosphere, while another part may form hydrocar- 
bons, e.g., methane, CH 4 , which is likewise released into the air, and 
the rest is only partially decomposed and forms peat or is deposited 
in sapropelic muds. In the course of time these muds are converted 
into carbonaceous and bituminous sediments. In like manner, animal 
remains give rise to sapropelic sediments. There occurs, accordingly, 
another deficiency in the cycle of carbon, and the coal and oil de- 
posits formed during the course of geological time represent the leak 
in question. Increasing amounts of the caustobioliths, however, are 
burned into carbon dioxide in the anthroposphere, and this gas re- 
turns to the atmosphere to participate again in the cycle. This com- 
pensates, and even overcompensates, for the leak produced by the for- 
mation of caustobioliths. It should also be noticed that numerous 
bacteria, yeasts, and molds are able to attack petroleum hydrocar- 
bons, which are mainly converted into carbon dioxide (ZoBell, 
1946c). Even heavy residues, such as asphalt, are susceptible to the 
attack of these micro-organisms, and the process is not without sig- 
nificance in the cycle of carbon. 

This discussion refers primarily to terrestrial plants and animals. 
With reference to aquatic organisms, it should be noticed that the 
plants use carbon dioxide dissolved in water. The carbon dioxide 
given off by animals and that produced by decay of the organisms 
subsequent to their death remain in solution. Consequently, there is 
an abundant supply of carbon dioxide available for the photosyn- 
thetic processes of diatoms and other algae. Also dissolved organic 
substances, such as humic complexes, are present in fresh and salt 
waters; but, on the whole, their nature is so far unknown. 

The cycle of carbon in the sea is not completely closed. The carbon 
dioxide removed from sea water by the various organisms is utilized 
partly for their calcareous structures, but the bulk is consumed in 
the synthesis of organic compounds. In the second case most of the 
carbon returns to solution as carbon dioxide, and under oxidizing 
conditions all organic matter is completely oxidized, whereas under 
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reducing conditions anaerobic bacteria generate various products of 
putrefaction. If the calcareous structures are dissolved, the carbon 
dioxide bound therein returns to solution. However, there is always 
some loss to the cycle because neither the dissolution of calcium car- 
bonate nor the decomposition of organic matter is complete. 

The quantitative cycle of carbon may be calculated if the carbon 
content in materials of the uppermost geochemical spheres is known. 
The first quantitative discussion concerning the cycle of carbon was 
presented by Hogbom (1894), who emphasized the fact that the mass 
of carbon dioxide bound in carbonate sediments is so enormous that 
it cannot have existed in the primordial atmosphere but has been 


TABLE 19.1 

Content of Carbon Dioxide and Carbon in 
Some Geochemical Materials 


Material 

CO 2 

C 

g/ton 

Igneous rocks (Clarke, 1924) 

1,010 

280 

Sandstones (Clarke, 1924) . . 

50,400 

13,800 

Shales (Clarke, 1924) 

26,400 

7,200 

Limestones (Clarke, 1924) . 

415,800 

113,500 

Sea water (Noddack, 1937) 

50 

14 

Dry air (Table 7.1). . . . 

460 

130 


largely supplied, gradually, by volcanic emanations during the geo- 
logical evolution of the Earth. He also thought that biochemical 
processes regulate the amount of carbon dioxide in the atmosphere 
and that the quantity of coal in the biosphere changes parallel to that 
of carbon dioxide in the atmosphere. The first quantitative cycle was 
calculated by Goldschmidt (1933a, 1934). 

The carbon values necessary for the calculation of the cycle are 
presented in Table 19.1. When the mass of the sedimentary rocks and 
the masses of the hydrosphere and atmosphere are known in addi- 
tion, the total amount of carbon dioxide and carbon may be calcu- 
lated which has participated in the cycle of carbon during the geo- 
logical evolution of the Earth, i.e., during the time of active weather- 
ing and formation of sediments. The masses needed for the calcula- 
tion have been given previously (see chaps. 5, 6, and 7), and their ap- 
plication leads to the quantities given in Table 19.2. The distribution 
of carbon in the uppermost geospheres, with especial reference to the 
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biosphere, is presented in Table 19.3, which is based on Waksman 
(1936). 

With reference to Table 19.2, it should be noticed that, according 
to Eskola (1939), Goldschmidt’s value for limestones and dolomites 
is probably too small, perhaps even by an order of magnitude, be- 
cause the carbonate sediments on the ocean bottom are not included 
therein. This remark is still more justified in the case of Kalle’s 
values. 


TABLE 19.2 

Content of Carbon in the Uppermost Geospheres 


Material 

CO 2 

c 

S' 

• cm -2 

Limestones and dolomites (Goldschmidt, 

1933a) 

Coal and bitumen (Wickman, 1941) 

Hydrosphere (Buch, 19396) 

Atmosphere (Goldschmidt, 1933a) 

6,562 

760 

25 

0 4 

1,791 

207 

7 

0 11 

Total 

7,347 4 

2,005 11 

Kalle (191*3): 

Sedimentary rocks (total): 

Sandstones 

Schists (shales and slates) 

Limestones 

Coal and petroleum 

Hydrosphere . ... 

Atmosphere . . 

Plants . . 

Animals ... . . 


2,963 7 

263 6 

956 9 

1 ,74S 2 

1,263 74 

7 5 

0 125 

0 053 

0 00071 

Total 


4,240 11871 


It is evident that the amount of carbon contained in igneous rocks 
is considerably smaller than that present in sediments and sedimen- 
tary rocks. Kalle (1943) estimates the total of carbon in igneous 
rocks as 1,180.87 g-cm -2 C. 

As was pointed out previously, volcanic activity has so far been the 
only source of additional carbon dioxide to the cycle of carbon, Es- 
kola (1939) emphasizes the fact that juvenile carbon dioxide migrates 
continually toward the Earth’s crust, obeying the same physicochem- 
ical laws as does granitic magma. Table 19.2 shows that considerably 
more than 7 kg -cm -2 carbon dioxide has been added to the cycle dur- 
ing the geological history of the Earth as a result of volcanic activity. 
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Supposing that the length of the geological time is 2,000 *10 6 years, 
it may be calculated that a minimum of 0.0037 mg* cm” 2 C0 2 is pro- 
duced annually by volcanic activity. 

Conway (1943) furnished rather conclusive proof of the validity 
of the opinion that juvenile carbon dioxide is the main source of this 
compound passing through and gradually added to the biosphere. 
Eskola (1939) pointed out that during orogenic periods in the Earth’s 
history the volcanic activity and probably also the production of 
carbon dioxide have attained a maximum. Because orogenic periods 
are also culmination periods in biological evolution, it is natural to 
assume that the increased supply of carbon dioxide and the corre- 
sponding increase in the supply of oxygen have been at least one of 
the causes of the evolution of higher forms of life. 

TABLE 19.3 


Distribution of Carbon in the Uppermost Geospheres 


Source 

C 

(Gg) 

Hydrosphere 

0.164 

Atmosphere 

0.006 

Biosphere: 


Bituminous coal 

0.02732 

Brown coal 

0.01499 

Peat 

0 .01123 

Anthracite coal 

. . . 0.00422 

Living matter 

0.007 

Topsoil 

.. 0.004 


Estimates concerning the amounts of carbon dioxide and carbon 
consumed annually during the cycle were presented by Goldschmidt 
(1933a, 1934) and Kalle (1943). Their estimates are given in Table 
19.4. The values recorded show the important role of biochemical 
phenomena in the cycle of carbon. However, with reference to Gold- 
schmidt’s estimates concerning the amounts produced by respiration 
and decay and consumed by photosynthesis, Buch (1942a) thinks 
that these values are too uncertain to indicate whether equilibrium 
exists between the production and the consumption of carbon di- 
oxide. Buch (1945) also considers the annual consumption of 40 
mg-cm~ 2 C0 2 by photosynthesis too great because the surface of the 
oceans is many times as great as that of the continents and vast areas 
of the ocean are practically sterile. However, it has been calculated 
that photosynthetic processes would be able to remove the total of 
the atmospheric carbon dioxide in less than ten years (see chap. 8). 
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As pointed out by Sauramo (1938), it is probable that graphite has 
a very much simpler cycle than such carbon, which passes repeatedly 
through the biosphere and the atmosphere. Graphite, whether of ig- 
neous origin or formed during the metamorphism of carbonaceous 
sediments, is not decomposed completely during the weathering but 
is redeposited in sediments, chiefly in hydrolyzates. During metamor- 


TABLE 19.4 

annual Production and Consumption of Carbon Dioxide 


Production and Consumption 

C0 2 

C 

mg. cm -3 

Goldschmidt (193J/-): 

Production of juvenile C0 2 

Production of C0 2 by combustion of coal and petroleum 
Production of C0 2 by respiration and decay 

0 003-0 006 

0 8 
—40 

0.0008-0 0016 
0.22 
—10 92 

Consumption of C0 2 by photosynthesis 

Consumption of C0 2 by weathering 

Consumption of C0 2 by the formation of caustobiohths 

KaUe(mS): 

Production of C0 2 by respiration 

Production of C0 2 by combustion of coal and petroleum 

Production of C0 2 by forest and prairie fires 

Production of juvenile C0 2 .... 

—40 

0 003-0 004 

0 0003-0 002 

—10 92 
0.0008-0.0011 
0.00008-0 0005 

8.212 

0 333 

0.314 

0.0042 

Total production 


8 8632 

Consumption of C0 2 by assimilation 

Consumption of C0 2 by deposition of vegetable and ani- 
mal carbon in sediments 

Consumption of C0 2 by the formation of coal and oil . . 


8 530 

0 00297 
0.00126 

Total consumption . . . . 


8.53423 


phism it recrystallizes, partly or entirely. Once formed, it is stable 
and follows a simple inorganic cycle. 

It has been suggested (see chap. 27) that most, if not all, free oxy- 
gen in the present-day atmosphere has been formed as a result of the 
photosynthetic activity of green plants. The validity of this assump- 
tion can be quantitatively verified. It is evident that the present 
amount of free atmospheric oxygen and the amount once found in the 
air but now combined within the products of weathering (fossil 
oxygen) must correspond to the amount of carbon present in coal, 
petroleum, and other carbon-bearing bioliths according to the for- 
mula C0 2 , i.e., as presented by the C:20 ratio. According to Table 
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19.2, the amount of carbon contained in coal and bitumen is about 
0.21 kg •cm -2 . The amount of oxygen needed to convert all this car- 
bon into carbon dioxide is 0.55 kg -cm -2 , ikccording to Goldschmidt 
(1933a; see chap. 27), the amount of free oxygen in the atmosphere 
and in the hydrosphere plus the quantity of fossil oxygen present in 
sediments and their derivatives is 0.485-0.794 kg •cm -2 . The higher 
estimate corresponds more closely to the known facts (see chap. 23). 
Accordingly, the grand total of free and fossil oxygen is of the same 
degree of magnitude as the amount needed to convert into carbon 
dioxide the fossil carbon of the bioliths and the carbon now found in 
the biosphere. It is evident that the amounts of carbon and oxygen 
correspond satisfactorily to the stoichiometric ratio between these 
elements as expressed by the formula CO>. 

Actually, there is, according to the calculation presented above, 
an excess of oxygen over that required to convert the carbon of the 
biosphere and the fossil carbon into carbon dioxide. A part of the 
excess is accounted for by oxygen liberated in the reaction 

2N 2 + 6HoO -» 4NH 3 + S0 2 

(Hutchinson, 1944; see chap. 23) and another part by oxygen pro- 
duced in the reaction between juvenile chlorine and water: 

2C1 2 + 2H 2 0 -> 4HC1 + 0 2 , 

which Nichols (1941) claims to be a source of some atmospheric oxy- 
gen. So far, no calculations are available showing the amount of oxy- 
gen liberated in this reaction. As pointed out by Nichols, oxygen is 
also consumed in the oxidation of other substances contained in vol- 
canic emanations. 

CYCLE OF CARBON DIOXIDE BETWEEN THE 
ATMOSPHERE AND THE SEA 

The cycle of carbon dioxide between sea water and the atmosphere 
forms a part of much geochemical interest in the general cycle of car- 
bon. The phase boundaries water/air and water/ocean bottom are 
important in the geochemistry of carbon because an exchange of car- 
bon dioxide between the hydrosphere and the atmosphere or the 
lithosphere takes place on these surfaces. The exchange is governed 
by laws of physicochemical reversible equilibrium. The carbon di- 
oxide system in sea water was discussed in chapter 6; the exchange 
reactions are presented in Figure 19.2. It is evident that the equilib- 
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rium of carbon dioxide also affects the solution and precipitation of 
calcium carbonate (see chap. 15). 

The exchange of gaseous carbon dioxide in the atmosphere and of 
dissolved free carbon dioxide in sea water obeys Henry’s law. The law 
of mass action will determine the equilibrium in the carbon dioxide 
system in the sea. Several physical and chemical factors cause 
changes in the partial pressure of carbon dioxide in the surface layer. 
The partial pressure increases with rise in temperature and in salinity 
(due to evaporation), respiration, precipitation of calcium carbonate, 
and upward circulation. It is bound to diminish, owing to decrease in 
temperature and in salinity, photosynthetic activity, and solution of 
calcium carbonate. Consequently, the content of carbon dioxide and 
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Fig. 19.2. — The carbon dioxide system in the sea 


the concentration of the carbonate and bicarbonate ions vary consid- 
erably. Evidently, biological factors cause the fine adjustment in the 
partial tension of carbon dioxide, but they act only in connection 
with other factors, physical and oceanographic, such as the currents 
and the rotation of the Earth, and chemical, such as the concentra- 
tion of oxygen and the nutrients. As pointed out by Krogh (1904a), 
bicarbonate-bearing river waters also cause changes in the carbon 
dioxide system of the sea. 

All the factors discussed above also affect the carbon dioxide equi- 
librium between the sea and the atmosphere. Schloesing (1872) was 
the first to furnish experimental proof of the fact that the solubility 
of calcium carbonate depends on the content of carbon dioxide in the 
air in equilibrium with the aqueous phase. He (Schloesing, 1880) 
further emphasized the role of the ocean as a vast reserve containing 
carbon dioxide much in excess over the amount present in the atmos- 
phere. Therefore, he suggested that the oceans regulate the carbon 
dioxide content of the atmosphere, being able to give off or absorb 
comparatively large quantities of this gas according to its partial ten- 
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sion in sea water. In like manner, Hogbom (1894) considered sea 
water the regulating mechanism and thought that changes in the 
carbon dioxide content of the atmosphere are highly probable. 

Krogh (19046) found that the content of carbon dioxide in the at- 
mosphere is rather variable. Although the action of factors diminish- 
ing the carbon dioxide content is fairly constant, the factors increas- 
ing the content are highly variable. These factors are volcanic and 
industrial activity. Krogh also believed in the regulating property of 
the ocean. In addition, he suggested that the content of carbon di- 
oxide in the air is increasing because his analyses showed that the 
carbon dioxide tension in the surface water of the ocean is generally 
lower than the tension in the atmosphere, even though they are of 
the same degree of magnitude (about 3 *10~ 4 atm). 

Buch (1934; 1939a, 6; 1942a, 6; 1945), in a series of papers, has of- 
fered a detailed explanation of the role of sea water as the regulating 
mechanism. According to Buch, the carbon dioxide system of the sea 
has attained, in the course of geological time, an approximate equi- 
librium with the atmosphere; but an exact equilibrium is rare, and 
changes occur which depend on temporary biological and physico- 
chemical factors. Because only a very small part of the total mass of 
the ocean is brought into contact with the atmosphere, a long time 
is necessary to produce the equilibrium. Air which remains in contact 
with sea water for several days attains practically the same par- 
tial tension of carbon dioxide as is found in the upper layer of 
the water. The changes in the partial pressure of carbon dioxide 
in sea water will determine the degree of regulation of the partial 
pressure in the atmosphere. Because very considerable changes 
in the carbon dioxide tension may take place in sea water, the 
ocean as a carbon dioxide regulator is rather changeable. How- 
ever, compared with the atmosphere, the ocean is very slow in 
its changes. In addition, Buch found that in some parts of the 
ocean (Atlantic and Arctic) and in adjoining seas (Baltic) the 
changes in the carbon dioxide tension often are greater than in the 
atmosphere; and thus it would appear that the atmosphere regulates 
the carbon dioxide pressure of the ocean, not vice versa. Actually, 
both the atmosphere and the ocean regulate each other. Only the sur- 
face layer is available for the stabilization of changes in the carbon 
dioxide content of the atmosphere, which are temporary and of short 
duration, and therefore such variations cannot be controlled. On the 
other hand, a secular balance is maintained. 
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Buch also investigated the seasonal and geographic changes in the 
partial tension of carbon dioxide in sea water. The seasonal changes 
consist of a sharp decrease during the spring due to the growth of a 
vast population of diatoms. Thus, for example, during the growTh of 
diatoms in the Gulf of Finland and in the Baltic the carbon dioxide 
tension decreases from its normal value of S-10~ 4 atm to 2 •IQ - 4 
atm, and additional carbon dioxide from the air is usually consumed 
during the whole summer. When the season of growth is over and the 
deep waters rise upward during the fall, the tension increases to 
4*10~ 4 or 5 GO” 4 atm, and carbon dioxide is given off to the atmos- 
phere. An equilibrium is attained during the winter. 

Still following Buch: other areas are known in the sea in wdiich 
carbon dioxide-rich waters constantly move in a certain direction, 
e.g., along the west coast of Africa and America. Owing to the rota- 
tion of the Earth, the surface layers move westward, being constant- 
ly replaced with C0 2 -rich waters from the depth. It is known that 
even at a depth of some hundred meters the partial tension of carbon 
dioxide may always be three times as high as the tension on the sur- 
face. The excess of the carbon dioxide is taken up by the air. There- 
fore, air in the trade-wind belts is rich in carbon dioxide. It migrates 
upward in the atmosphere and goes with the antitrades toward the 
north and the south. A part of the air charged with carbon dioxide 
is blown toward the surface in the polar regions and gives off its car- 
bon dioxide to sea water, which during the summer months has a 
C0 2 tension of only 1 . 5 * 10“ 4 atm. An equilibrium is therefore very 
nearly attained in Arctic waters during the summer months. The 
Arctic and Antarctic waters charged with carbon dioxide sink down 
and flow back toward the equator. During the winter the polar 
waters have a relatively high carbon dioxide tension due to the up- 
welling of deep waters in the fall. They are probably in equilibrium 
with the atmosphere. The absorption of carbon dioxide by sea water 
explains the fact that polar air is much poorer in carbon dioxide than 
air at lower latitudes. 

CHANGES CAUSED BY INDUSTRIAL ACTIVITY IN CARBON 
DIOXIDE CONTENT OF THE ATMOSPHERE 

It is of much geochemical interest that considerable amounts of 
carbon dioxide which result from the activities taking place in the 
anthroposphere are constantly being added to the atmosphere. Such 
carbon dioxide, mainly derived from the combustion of coal and pe- 
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troleum and from thermal decomposition of limestone, forms an im- 
portant addition to the cycle of carbon. On the basis of statistical 
data Goldschmidt (1933a) calculated that the amount of carbon di- 
oxide liberated by the combustion of the above-mentioned fuels in 
1929 amounted to 0.8 mg-cnr 2 . This amount does not include the 
carbon dioxide formed during the combustion of peat and wood, and 
therefore the grand total must be at least a hundred times as great 
as the amount produced by volcanic emanations (see Table 19.4). 
Moreover, considerable amounts of carbon dioxide are produced by 
the fermentation industry. According to Callendar (1940), the 
amount of carbon dioxide now produced by combustion is as high as 
about 300 GO 6 m 3 per hour. The figures presented in Table 19.2 show 
clearly that by far the greatest part of the juvenile carbon dioxide 
(about 90 per cent, according to Goldschmidt’s figures) is stored 
away in carbonate sediments, while the remaining 10 per cent, or ap- 
proximately 0.00037 mg*cm~ 2 , is retained in the bioliths. If the fact 
is considered, in addition, that only a very small part of coal and 
petroleum deposits has any direct technical value and that by far the 
greatest part of carbon is contained in economically worthless muds, 
shales, and other carbon-bearing sediments and their derivatives, it 
is evident that the formation of new caustobioliths in Nature cannot 
compete with the constantly increasing rate of consumption of the 
fuel resources of the world. The conclusion is obvious that the natural 
fuels are being wasted; man acts like a ferment in the process of their 
consumption. 

According to Noddack (1937), the grand total of the world’s coal 
reserves is 5 GO 12 tons, which, with an annual consumption of 4 GO 9 
tons, would last for twelve hundred years. According to chapter 8, 
the total yield of photosynthesis is approximately 15 GO 10 Lons car- 
bon annually, or nearly forty times as high as the quantity of burned 
coal. However, even though the rate of formation of new bioliths thus 
is rapid, geological experience shows that even the formation of peat 
in most cases is too slow a process to produce new sources of fuel be- 
fore the coal reserves have been depleted. In addition, the growing 
forests in many parts of the Temperate Zone are being cut down at 
a greater rate than new woods are being formed. 

This discussion shows that the quantity of carbon dioxide added 
to the atmosphere by the combustion of caustobioliths is remarkable. 
The importance of man as a geochemical factor in this respect has 
already been realized by Hogbom (1894) and Krogh (19046). Buch 
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(19396) calculated, on the basis of Goldschmidt’s estimate of the 
amount of carbon dioxide liberated in 1929 by combustion of coal and 
oil (see above), that the content of carbon dioxide in the atmosphere 
would be doubled in five hundred years if the sea did not absorb any 
of this gas. However, provided that the sea absorbed carbon dioxide 
at the same rate at which it is produced by industrial activity, five- 
sixths of the annual increase would go into the sea and only one-sixth 
remain in the atmosphere. Therefore, the time required would be 
three thousand years; but even this estimate does not consider the 
effect of weathering, which will further increase the period required. 
This calculation shows that, in spite of the importance of man as a 
geochemical factor, the stability of the carbon dioxide content of the 
atmosphere is remarkable. 

How r ever, the content of carbon dioxide in the atmosphere is now 
on the increase. According to the analyses collected and published 
by Callendar (1940), the C0 2 content of the air in 1866-1901 was 292 
parts per million (by volume) ; in 1909-12, 303 parts; and in 1932-35, 
321 parts. The rate of the secular increase is consequently 29 parts 
per million, or 10 per cent. If the increase is assumed to have oc- 
curred throughout the whole atmosphere, then the additional carbon 
dioxide therein would amount to 20 -10 10 tons. In 1900-1935 the 
total quantity of coal and oil burned was about 5 GO 10 tons, which 
has given 15 -10 10 tons carbon dioxide. Callendar attributes the dif- 
ference, 5*10 10 tons, to incomplete mixing in the atmosphere be- 
cause most of the carbon dioxide was added in the North Temperate 
Zone. In 1866-1900 the amount of carbon dioxide produced by the 
combustion of caustobioliths was relatively small, and its action on 
the composition of the atmosphere became noticeable only after that 
period. 

According to Buch (1942a, 6), an early-established equilibrium be- 
tween the atmosphere and the sea was effective in regulating the 
amounts of carbon dioxide added to and subtracted from the atmos- 
phere before the start of industrial activity on a vast scale. It is prob- 
able that the ocean and the atmosphere, at the beginning of the 
twentieth century, still had equal carbon dioxide tensions. After that 
period, water has not absorbed any considerable quantities of carbon 
dioxide, which consequently has remained in the atmosphere, in- 
creasing the carbon dioxide content therein by about 10 per cent — 
a result of the geochemical activities of the anthroposphere. Table 
19.4 shows that, if Kalle’s values are accepted, the total production 
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of carbon dioxide is somewhat greater than the total consumption. 
The content in the atmosphere is still on the increase and will con- 
tinue to be so until the pressure difference between the atmosphere 
and the sea has grown large enough and the rate of absorption thus 
increased sufficiently to produce equilibrium or a stale at which car- 
bon dioxide is absorbed as fast as it is produced. At the present time, 
the excess CO 2 pressure is only 2 • 10~ 5 atm. When the above-men- 
tioned state has been reached and the excess pressure has grown to 
about 3*10~ 4 atm, the carbon dioxide content of the atmosphere 
will increase at a slower rate parallel to a corresponding increase of 
the partial pressure of carbon dioxide in sea water. However, hun- 
dreds, if not thousands, of years are required to establish the equi- 
librium between the atmosphere and the sea. 

CARBON ISOTOPES 

Five carbon isotopes are known. The isotopes C 10 and C 11 are arti- 
ficially radioactive, as is C 14 ; but, contrary to C 14 , the two first-men- 
tioned isotopes have very short half-lives. In addition, it is highly 
probable that C 14 , or radiocarbon, is constantly being formed in 
Nature. The isotopes C 12 and C 13 are stable, and C 12 is by far the more 
abundant of the two. 

Nier and Gulbransen (1939) were the first to observe changes in 
the C 12 /C 13 ratios of terrestrial materials. They found that C 13 is con- 
centrated in limestones, whereas plants prefer the light isotope, C 12 . 
Murphey (1941) and Murphey and Nier (1941) confirmed these re- 
sults. No age effect could be established. The first application of the 
isotope ratios to geochemical problems was the calculation of the 
amount of coal and bitumen carried out by Wickman (1941) (see 
Table 19.2). 

Rankama (19486) divided the materials analyzed with respect to 
their C 12 /C 13 ratios into two general groups, inorganic and organic. 
He also suggested that the original isotopic composition of terrestrial 
carbon is that shown by meteorites. The ranges of the isotope ratio 
in these groups are shown in the accompanying tabulation. There 

Group C l 2 /C 11 

Meteorites 89.8-92.0 

Inorganic 87. 9-90 . 2 

Organic 90.S-9S.1 

seem to be, accordingly, two series of processes which change the 
original isotope ratio in two opposite directions. According to Kamen 
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(1946), isotope differentiation may be more characteristic of living 
than of inert systems. However, inorganic processes, thus far, have 
caused a more thoroughgoing fractionation than have the organic 
processes, even though inorganic fractionation seems to be slow com- 
pared with organic fractionation. 
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Fig. 19.3. — The cycle of the stable carbon isotopes between the atmosphere and the sea 


Urey and Greiff (1935) studied reactions leading to a fractionation 
of the carbon isotopes. The most important reaction is 

C 1S 0 2 + HC ! -Or C 12 0 2 + HC 13 Or , 

(gas) (gas) 

in which the equilibrium lies somewhat to the right. In the exchange 
between atmospheric carbon dioxide and the bicarbonate ion, the 
heavier isotope thus prefers to form the ion. 

The above reaction is the basic one in the cycle of the carbon iso- 
topes between the atmosphere and the sea. This cycle is presented in 
Figure 19.3 according to Rankama (19486). The isotope C 13 becomes 
enriched in sea water because of the exchange reaction presented 
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above. During the formation of the carbonate sediments, either by 
inorganic or by organic precipitation, there probably occurs further 
enrichment of C 13 . However, when the carbonate sediments are 
brought into contact with atmospheric carbon dioxide, their C 13 con- 
tent decreases. This conclusion is based on information presented by 
Armstrong and Schubert (1947), who found that BaC 13 ()3 in the pres- 
ence of water shows a definite exchange with atmospheric carbon di- 
oxide (see below). The isotope C 12 is enriched in marine plants and 
in animals feeding upon the plants. In the sea the lime-secreting or- 
ganisms accumulate C 12 in their organic substance, whereas C 13 be- 
comes concentrated in their shells. Nier and Gulbransen (1939) re- 
ported 88.7 for the value of the C 12 /C 13 ratio in a Recent clam shell, 
whereas the ratio in the clam flesh was 90.1. During and after the de- 
cay of the organisms a part of the carbon dioxide formed may reach 
the atmosphere. So far, it is unknown whether this process includes 
an enrichment of the isotope C 12 . 

Libby (1946) has suggested that neutrons produced by cosmic 
radiation form the carbon isotope C 14 , along with tritium, H 3 , from 
nitrogen in the uppermost layers of the atmosphere. Anderson, Lib- 
by, Weinhouse, Reid, Kirshenbaum, and Grosse (1947) estimated 
that the total quantity of C 14 in Nature is about ££ tons, or high 
enough to contaminate all carbon in living matter and in other forms 
in exchange equilibrium with the carbon dioxide of the air. They give 
0.95 •10“ 10 per cent as the average content of C 14 in living matter. 

Armstrong and Schubert (1947) found that in the presence of 
water, the following exchange reaction takes place: 

(H 2 0) 

BaC 14 0 3 + C 12 0 2 > BaC 12 0 3 + C i4 0 2 

The half-life of C 11 is probably 6, 400-7, £00 years. 
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SILICON 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

T HE abundance of silicon in meteoritic irons (calculated from 
Goldschmidt, 19376), in silicate meteorites (Merrill, 1916; recal- 
culated by Goldschmidt, 19376), in igneous rocks (Clarke and Wash- 
ington, 1924), and in argillaceous sediments (Minami, 19356) is pre- 
sented in Table 20.1. 

TABLE 20.1 
Abundance of Silicon 

Source (PerCent) 

Meteoritic irons 0.004 

Silicate meteorites 21 20 

Igneous rocks 27.72 

Argillaceous sediments 28 .89 

Silicon is a most typically lithophile element, which is nearly quan- 
titatively contained in the silicate phase of the meteorites and in the 
silicate crust of the Earth. The amount of silicon in meteoritic irons 
is very small, and silicon either forms a solid solution with the metal 
phase or is present as the carbide, SiC, which is known as the meteor- 
ite mineral moissanite (see chap. 1). In silicate meteorites the abun- 
dance of silicon is second only to that of oxygen, and in the terres- 
trial igneous rocks the content of silicon is still greater, owing to the 
prevalence of feldspars and quartz with high silica content as com- 
pared with the meteoritic olivines and pyroxenes lower in silica. 

In the Sun’s atmosphere, silicon is likewise one of the most abun- 
dant elements (see Table 2.5). 

SILICON IN IGNEOUS ROCKS 

Silicon and oxygen are the elements most typical of the litho- 
sphere. In the upper lithosphere, as in the silicate meteorites, silicon 
is, next to oxygen, the most abundant of all elements. The impor- 
tance of silicon in the mineral kingdom is similar to that of carbon 
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in organic compounds. In these compounds the carbon atoms are 
linked together and usually form long chains or closed rings. Silicon 
is similarly able to combine with oxygen to form groups of various 
kinds in the structures of minerals. The basic grouping is the silicon- 
oxygen tetrahedron, [Si0 4 ] ; the tetrahedra are combined in a number 
of ways to form the frameworks of the silicate minerals (see chap. 5). 
Although silicon is the essential constituent cation in most minerals 
of petrological and geochemical importance, still it occupies only a 
very limited space in their structures. The radius of the Si 4+ ion is 
very small (0.39 kX), and therefore silicon practically disappears 
among the big oxygen anions in the tetrahedra (see chap. 27). 

In the lithosphere, silicon is evidently a typically oxyphile element. 

The average chemical composition of the most important classes 
of normal calc-alkalic igneous rocks presented in Table 5.32 shows 
that silicon is strongly enriched toward the last phases of the main 
stage of crystallization. The silicon content is highest in the granites. 
However, petrological experience shows that the enrichment con- 
tinues still further, because there is much quartz present in granite 
pegmatites and its crystallization goes on through the pneumatolytic 
and hydrothermal stages. The quartz veins of varying grades of 
purity are common in igneous and metamorphic terranes. The high 
degree of enrichment of silicon through the differentiation is often 
considered a measure of the progress of this phenomenon. Therefore, 
the order of the members of a differentiation series is often based on 
their silica content. However, this practice is not always legitimate 
because there are numerous rocks, for instance, in alkalic complexes, 
in which there is no regular change of the silica content in the differ- 
entiation series arranged according to the general geological prin- 
ciples established in the field. Thus two rocks, the one of which is 
clearly the differentiation product of the other, may have nearly 
equal silica contents. Such cases, even though rather common, are 
quantitatively unimportant. 

The enrichment of silicon in the last products of magmatic crys- 
tallization is readily understood if the crystal chemical properties of 
the silicate minerals are considered. The minerals containing inde- 
pendent [Si0 4 ] tetrahedra not linked by common oxygen ions usually 
have relatively stable structures. If the tetrahedra, on the other 
hand, share one or, particularly, more than one oxygen with neigh- 
boring tetrahedra, the distance between the silicon ions in question 
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must decrease. In this case the repulsive force between the highly 
charged Si 4+ ions will increase consistently with the number of the 
oxygen ions shared by the tetrahedra, and therefore the stability of 
the structure will decrease. This is evidently the reason why two 
neighboring [Si0 4 ] tetrahedra in silicates never share more than one 
oxygen ion. The most typical mineral in the structural group of the 
nesosilicates is olivine, (Mg,Fe) 2 [Si04], which is also the most impor- 
tant constituent of the early differentiates of silicate magmas. Ac- 
cording to its chemical composition, olivine belongs to the group of 
the orthosilicates, which are the poorest in silica of all the silicates. 
The feldspars, which, according to Clarke’s (1924) calculations, are 
the most common constituents of igneous rocks (see Table 5.16), 
contain the bulk of the silica found in the upper lithosphere. They 
are structurally tectosilicates and usually crystallize at lower tem- 
peratures than do the olivines. Likewise, quartz is structurally a 
tectosilicate; it crystallizes at relatively low temperatures. 

BIOGEOCHEMISTRY OF SILICON 

Silicon is a universal structural constituent of plants; it is found 
particularly in the stems of horsetails and some grasses. The former 
may contain up to 80 per cent silica in their ashes. In plants very 
small amounts of silicon might be essential for the function of all 
cells. Vegetable silicon is probably a derivative of cellulose or other 
polysaccharides . 

Silicon, probably as silica, is a characteristic structural constituent 
of the skeletons of many lower organisms. Diatoms are the only 
plants known to excrete silica. It is also secreted by the radiolarians. 
In addition, some fungi and the siliceous sponges have structural 
parts consisting of silica. In higher animals silicon occurs in all tis- 
sues, especially in connective tissues, but its content is very much 
lower than in plants. A sterol silicate is found in feathers. 

According to Fearon (1947), silico-organic compounds might be 
expected to appear in place of certain carbon compounds, especially 
in plants, because of the close relationship between carbon and sili- 
con. 

CYCLE OF SILICON 

During the weathering of silicate minerals silicon, like aluminum, 
is brought into ionic solution, usually in the form of alkali silicates. 
If the weathering solutions become concentrated, silica is precipi- 
tated as an amorphous gel, e.g., in arid regions. If only a silica hydro- 
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sol is formed during the concentration of the solutions, it may mi- 
grate farther, because it is very insensitive to the flocculation caused 
by electrolytes in solution. Additional stabilization may also be 
caused by protective colloids, which are mostly of organic origin. 
Silica in solution may also react with other substances. Thus, e.g., 
mica-like clay minerals, such as kaolinite, halloysite, and montmoril- 
lonite, may be formed from silica and alumina, and also feldspar, 
mica, and zeolites of sedimentary origin are known. 

The solubility of silica depends on the pH of the solution. The 
higher the pH, the more silica goes into solution. If the pH decreases, 
for instance, by the addition of carbon dioxide, silica is precipitated. 
This process may sometimes lead to a notable concentration of silica. 
Usually the carbon dioxide is the result of decay of organic sub- 
stances. 

Gruner (1922) has found that the less silica a silicate mineral con- 
tains, the greater will be the amount of silica dissolved in weathering 
solutions during the presence of dilute acids. Magnesium salts (sea 
water) were found to accelerate the solution of silica. In solutions 
containing organic protective colloids, silica, which is negatively 
charged, is precipitated by the action of cations or positively charged 
colloids. However, this precipitation is rather slow and often evidently 
incomplete. The organic protective colloids may also be decomposed 
by bacteria, whereupon silica is precipitated. 

The abundance values of silicon in Table 20.1 show that the argil- 
laceous sediments, on an average, contain somewhat more silicon 
than do the igneous rocks. The difference, although not very pro- 
nounced, is evidently due to the fact that, when ions of the alkali 
metals, calcium, and magnesium are extracted from the mineral 
structures during the weathering and when the clay minerals are 
formed, the amount of water incorporated in the new structures is 
less than the amount of the said cations in the original ones. There- 
fore, silicon becomes somewhat enriched in argillaceous sediments. 
However, Goldschmidt (19376) points out that a certain portion of 
silicon, although small, might originally be contained in thermal 
waters, which deliver it directly to the Earth's surface. 

The concentration of silicon in the resistates is very pronounced. 
The sandstones form the most typical group among these sediments. 
The average composition of the sandstones as calculated by Clarke 
(1924) reveals a content of 78.66 per cent Si0 2 , whereas the corre- 
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spending content in igneous rocks, according to Clarke and Washing- 
ton (1924), is only 59.14 per cent (see Table 2.1). In addition, sand- 
stones with 70-90 per cent Si0 2 are common. The enrichment of sili- 
con in the resistates is readily explained by the high stability of 
quartz, among all common rock-making silicate minerals, against 
mechanical and chemical disintegration. Quartz may consequently 
become enriched in the resistates as a result of purely mechanical 
processes. The other crystalline polymorphs of Si0 2 — tridymite and 
cristobalite — are rare and therefore do not possess much geochemical 
importance. Silica cannot further decompose chemically during the 
weathering. Although it may dissolve as silicate anions or as a hydro- 
sol, the amounts brought into solution by these processes are rela- 
tively small as compared with those produced during the weathering 
of most silicate minerals. It must also be taken into account that 
quartz has no cleavage which would promote its mechanical disinte- 
gration. Therefore, quartz is the most typical constituent of all con- 
tinental resistates. Many sandstones are dominantly composed of 
quartz, and the quartzites are often nearly monomineralic. A part of 
quartz is ground to a fine powder during the transportation proc- 
esses; it is finally deposited in the hydrolyzates, i.e., in geoehemically 
irrelevant surroundings. 

The bulk of silicon, perhaps more than 95 per cent, remains in the 
solid products formed during the weathering, and only a small por- 
tion is brought into solution. Fresh waters and sea water contain 
silicon in true or colloidal solution. According to the values presented 
in Tables 6.7 and 6.17, the silicon content of the salts of river waters 
and sea water is the following: 

Matmal (Percent) 

Dissolved solids in river water 5 .45 

Dissolved solids in sea water 0.00006-0 01 

These values show that there is a considerable content of silicon in 
river water, whereas ocean water contains only very little silicon. The 
fluctuations in the silicon content in sea water are due to the role of 
silica as a structural constituent in the shells of certain marine or- 
ganisms. 

Calcium is removed fairly completely from the sea by precipita- 
tion as calcium carbonate. Silicon is analogous to calcium in this re- 
spect, being deposited in the seas as silica. Vast amounts of silica 
sediments are thus formed which geoehemically resemble carbonate 
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sediments. However, there is no evidence of inorganically precipitat- 
ed silica in recent marine sediments, and therefore the inorganic 
deposition of silica in sea water is geochemically unimportant. In this 
respect the marine siliceous sediments differ from the corresponding 
carbonate sediments. The formation of the siliceous sediments takes 
place in the sea through the action of both plants and animals, viz., 
diatoms, radiolarians, and sponges. The organic separation of silica 
has already started in fresh waters, in which rather pure siliceous 
sediments (diatomite with more than 90 per cent Si0 2 ) may become 
deposited. In sea water the rest of silicon is captured by the organ- 
isms mentioned above, and thus the surface layers become depleted 
of silicon. A part of the silicon removed from sea water by biological 
processes may return to solution after the death of the capturing or- 
ganisms. During the decomposition of proteins, ammonia may be 
produced in excess of carbon dioxide and may increase the pH of the 
solution locally. Alkaline solutions are able to redissolve silica, which 
in this respect differs from calcium carbonate, which is dissolved in 
acid solutions and reprecipitated from alkaline ones. 

The deposition of siliceous remains of organisms must be sufficient 
to balance the supply of silica by rivers to the sea. The siliceous re- 
mains are important constituents of marine sediments (diatom ooze 
and radiolarian ooze), although they are of less geochemical moment 
than the marine carbonate sediments are. Diatomite and radiolarite 
are formed during the induration from the corresponding oozes. 

A common feature of all siliceous deposits is their aqueous origin. 
Inorganic siliceous deposits are formed by precipitation from thermal 
waters, which are often rich in silica. Silica is deposited from juvenile 
waters in geysers and hot springs as siliceous sinter (geyscrite) and 
other spring deposits, which may often form beds of geological im- 
portance, even though they are geographically not very extensive. 
Other, chiefly inorganic, siliceous precipitates (chert, flint, jasper) 
are very common in the geological column. It might be possible that 
thermal waters carry a part of their silica directly to the sea, where- 
by the silicon content of sea water is bound to increase. 
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TITANIUM, ZIRCONIUM, HAFNIUM 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

T HE elements most closely related to silicon in the Periodic Sys- 
tem, viz., titanium, zirconium, and hafnium, all belong to the 
group of the trace elements, but they are among the most abundant 
members of this group. Titanium is the most abundant of all the 
trace elements. According to Table 2.3, the average content of titani- 
um in igneous rocks is 0.44 per cent, which is roughly one-fifth the 
content of magnesium. Zirconium and, particularly, hafnium are 
much scarcer, but they are, at any rate, more abundant than most of 
their neighbors in the Periodic System. The abundance of the three 
elements discussed is presented in Table 21.1. 

The metal phase of the meteorites contains small amounts of the 
three elements, but their abundance in the sulfide phase is still un- 
known. The values recorded in Table 21.1 show that there are eight- 
een times as much titanium in the silicate phase as in the metal 
phase. In the eucrites, which are silicate meteorites with a gabbro- 
like composition, the titanium content is twice as high as in the com- 
mon chondrites. In this respect the eucrites and the chondrites be- 
have like the terrestrial gabbros and ultrabasics. 

Because the three elements are nearly quantitatively concentrated 
in the silicate phase of the meteorites, it follows that they are all 
lithophile. This property is particularly strong in zirconium and 
hafnium. 

The atomic abundance ratios of the three elements in igneous 
rocks, in silicate meteorites, and also in the solar atmosphere are 
rather similar (see Table 2.3). This is a proof of the fact that these 
elements are notably similar as far as their general geochemical char- 
acter is considered. 

Bands of titanium oxide are present in the spectra of most of the 
cooler stars, and some stars display strong bands of zirconium oxide. 
The cause of the presence of such bands is still unknown. 
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Titanium, zirconium, and hafnium are strongly oxyphile in the 
upper lithosphere. 


TITANIUM MINERALS 

Titanium forms a number of independent minerals in rocks. In ad- 
dition, it is concealed in the structures of many of the petrologically 
important minerals. According to Sahama (1946), titanium is inter- 
mediate between the cations, which never form independent minerals 
in common igneous rocks, being always concealed in the structures of 
other minerals, like rubidium, strontium, and barium, and those 
forming such minerals, for example, zirconium in zircon. 

TABLE 21 1 


Abundance of Titanium, Zirconium, and Hafnium 


Material 

Ti 

Zr 

Hf 


g/ton 


Metal phase of meteorites (Ti: Ishibashi, 1931; calcu- 
lated by Goldschmidt, 19376. Zr: Noddack and 
Noddack, 1930) .... . . . 

100 

8 

unknown 

Sulfide phase of meteorites .... 

unknown 

unknown 

unknown 

Silicate phase of meteorites (Ti: Hevesy, according to 
Goldschmidt, 19376. Zr: Hevesy and Wurstlin, 1934, 
recalculated by Goldschmidt, 19376. Hf: Noddack 
and Noddack, 1930) .... 

1,800 

95 

1 

Igneous rocks (Ti: Goldschmidt, 19376 Zr* Hevesy 
and Wurstlin, 1934. Hf: Goldschmidt, 19376) 

4,400 

220 

4 5 

Igneous rocks, average, Dutch East Indies (van Ton- 
geren, 1938) 


230 



The bulk of titanium found in the independent titanium minerals 
is present as Ti 4+ ions. It must be emphasized, however, that the de- 
termination of the state of oxidation of titanium in minerals is usual- 
ly difficult, particularly when the content of this element is low, i.e., 
when it is concealed in mineral structures. In the presence of both 
ferrous and ferric iron, tri valent titanium cannot be analytically dis- 
tinguished from quadrivalent titanium. Therefore, the information 
on the occurrence of Ti 3+ in minerals is, so far, incomplete. According 
to Jakob and Parga-Pondal (1932) and Jakob (1937), some phlogo- 
pites and biotites contain tri valent titanium. It is also possible that 
trivalent titanium rather than quadrivalent is present in pyroxenes 
and amphiboles. 

Ilmenite, FeTi0 3 , rutile, Ti0 2 , and sphene (also called titanite), 
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CaTi[(0,0H,F) | Si0 4 ], are the most abundant of the independent 
titanium minerals. Ilmenite contains 52.7 per cent Ti0 2 and sphene 
41 per cent. The three minerals are found as accessory constituents 
of many rocks. It is evident that the oxide minerals carry a consider- 
able, if not the largest, part of the titanium present in the upper litho- 
sphere. According to the calculations carried out by Hevesv, Alex- 
ander, and Wurstlin (1930), ilmenite is by far the most abundant 
independent titanium mineral in igneous rocks. The corresponding 
magnesium and manganese compounds — geikielite, MgTi0 3 , and 
pyrophanite, MnTi0 3 — are rare (see chaps. 14 and 31). Possibly 
more than 90 per cent of the total quantity of all titaniferous con- 
stituents of igneous rocks consists of ilmenite. Therefore, ilmenite is 
the actual carrier of titanium in these rocks, and the titanium quan- 
tities contributed by rutile and sphene are of much less importance. 
This result is readily understood because the oxide minerals of iron 
are very common accessory constituents of all igneous rocks and be- 
cause, according to Ramdohr (1940), ilmenite is nearly as abundant 
as magnetite among the opaque oxides in igneous rocks. Ramdohr 
also stated that the bulk of titanium in a slowly crystallizing magma 
rich in volatile constituents becomes incorporated mainly in ilmenite 
and magnetite and sometimes in rutile, whereas only a small amount 
goes into silicate minerals, such as hypersthene and biotite. In vol- 
canic rocks much titanium is present in augite, and, on the whole, 
the amount of titanium in silicate structures is greater than in plu- 
tonic rocks. 

The manner of occurrence of titanium in igneous rocks is charac- 
terized by its tendency to become incorporated in oxide minerals. 
Along with ilmenite and rutile, the following oxide minerals of titani- 
um are the most important: 

Titanian magnetite (titanomagnetite), Fe(Fe,Ti)o0 4 
Perovskite, CaTiOs 
Anatase, Ti0 2 
Brook it e, Ti0 2 

Titanian magnetite is present only in rapidly solidified effusive 
rocks as a homogeneous mineral. In other igneous rocks it is decom- 
posed to magnetite, ilmenite, and hercynite. Perovskite occurs main- 
ly in basic alkalic rocks. Anatase and brookite are considerably less 
common than rutile. Titanium is also found, particularly in pegma- 
tites, as various multiple oxides containing columbium, tantalum 
(see chap. 26), calcium, the rare-earth metals, etc. These minerals 
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are usually rather complicated chemically, and they are of minor 
importance as far as the geochemistry of titanium is considered. 

Unlike zirconium, titanium does not form the simple silicate, 
TiSi0 4 . Thermochemical studies have revealed that there exists no 
binary compound in the system Ti0 2 -Si0 2 . The metasilicate, TiSi 2 0 6 , 
is similarly unknown. The only silicates of titanium are complex 
silicates containing some other cation with a co-ordination number 
differing from that of Ti 4+ . The only cations which need to be con- 
sidered in rocks are Ca 2+ , Na + , and K+, because only they are abun- 
dant enough, as pointed out by Sahama (1946). Because the heat of 
formation of calcium compounds is generally higher than that of the 
sodium and potassium compounds of corresponding composition, 
titanium is preferentially combined with calcium to form sphene. The 
sodium-titanium silicate ramsayite, Na 2 Ti 2 [0| (SiO^L replaces 
sphene in some alkalic rocks. The syenites and nepheline syenites, 
and particularly their pegmatites, contain a number of complicated 
Na-Ca-Ti silicates, many of which carry rare-earth metals. 

Sphene is an important carrier of a number of elements, e.g., co- 
lumbium, tantalum, and the rare-earth metals (see chaps. 18 and 26). 
Both cerium earths and yttrium earths may dominate in sphene. 
This mineral serves as an indicator of the bulk composition of the 
rare earths in the rocks (Sahama, 1946). The yttrium earths charac- 
terize granites, whereas the cerium earths are usually enriched in 
nepheline syenites. This distribution of the rare-earth metals is also 
shown by the lanthanide composition of sphenes extracted from these 
rocks. According to their ionic radii, the yttrium-earth metals are 
incorporated more readily in the sphene structure than are the 
cerium-earth metals. 

Titanium is also concealed in the structures of most femic rock- 
making minerals. Varieties are known of nearly all dark minerals of 
igneous rocks which contain exceptionally high quantities of titani- 
um. These minerals, which often have been considered independent 
species, include titanian garnet, biotite (wodanite), augite, am phi- 
bole, etc., with the exception of tectosilicates, in which titanium is 
not incorporated. Geochemically speaking, such titanian minerals 
are scarce. The highest titanium contents reported are 8.97 per cent 
Ti0 2 in titanian augite (Lebedev and Lebedev, 1934) and around 12 
per cent Ti0 2 in wodanite. Small amounts of titanium are regularly 
incorporated in the structures of femic minerals, but these minerals 
are different from the titanian varieties proper. Pyroxenes, amphi- 
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boles, and biotite are quantitatively the most important among these 
minerals. Biotite may contain up to 1.5 per cent Ti0 2 , the iron-rich 
varieties (lepidomelane) of alkalic rocks as much as 4.5 per cent. Up 
to 1.3 per cent Ti0 2 may be present in hornblende and 0.7 per cent 
in augite. 

It must also be noticed that titanium, according to its ionic prop- 
erties, may occupy an entirely different structural position. Referring 
to the chemical relationship between silicon and titanium, it was 
previously believed that titanium replaces silicon in silicate struc- 
tures. According to the present views in crystal chemistry, it is actu- 
ally possible that titanium replaces silicon diadochically in the sili- 
con-oxygen tetrahedra. On the basis of extensive research Kunitz 
(1936) concluded that this manner of replacement is the most com- 
mon and, geochemically speaking, the most important in silicates 
containing titanium. However, owing to the notable difference in the 
radii of the Si 4+ (0.39 kX) and Ti 4+ (0.64 kX) ions, the replacement 
must be limited. So far, the manner of occurrence of titanium in sili- 
cate structures is known rather incompletely. According to Kunitz, 
the Ti-Si diadochy, which predominates in silicate minerals, occurs 
particularly in garnets, amphiboles, and micas. In a similar way the 
small amounts of titanium present in olivine would be incorporated 
in the silicon-oxygen tetrahedra. However, titanium is present in the 
minerals mentioned above, particularly in augite, also as Ti 3+ ions 
with a radius of 0.69 kX and a co-ordination number 6. They may re- 
place Al 3+ (radius 0.57 kX), Fe 3+ (radius 0.67 kX), and, in part, also 
Mg 2+ (radius 0.78 kX). Kunitz suggested that the orthosilicates with 
the simplest possible silicon-oxygen frameworks contain all their 
titanium in the silicon-oxygen tetrahedra, whereas the silicates with 
more complicated frameworks may partly accommodate titanium 
outside the silicon-oxygen structure. However, recent crystal chemi- 
cal studies have revealed that the Si-Ti diadochy might be of less im- 
portance for the manner of occurrence of titanium and that the bulk 
of titanium would replace aluminum, ferric iron, and magnesium in 
the structures of minerals. 

TITANIUM IN IGNEOUS ROCKS 

Titanium belongs to the iron family of the elements (Goldschmidt, 
1929) or the ferrides (Landergren, 1943; see chap. 33). Like iron, 
titanium shows a distinct tendency to become separated from the 
crystallizing magma at an early stage. It is enriched in the early crys- 
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tallates as ilmenite and titanian magnetite. However, these minerals 
— the main constituents of titaniferous iron ores — might not become 
separated so early as previously suggested. The titaniferous iron ores 
are the most important magmatic surroundings of titanium, and 
their formation is one of the principal features of the geochemistry 
of this element. Many geologists consider the presence of titanium in 
an iron ore a proof of the primary magmatic origin of the ore body in 
question. However, according to Landergren (1948), several features 
contradict the primary endogenic relationships between titaniferous 
iron ores and basic igneous rocks, and it might be possible that a 
single principle does not govern the formation of these ores. Lander- 
gren concludes that at least some of the titaniferous iron ores result 
from the co-operation of exogenic enrichment of iron and titanium 
in hydrolyzate and oxidate sediments, with subsequent metamor- 
phism and anatexis. 

In rocks belonging to the main stage of crystallization, ilmenite is 
partly replaced by sphene. Rutile is rare in igneous rocks; it is found 
preferentially in rocks derived from the mother-liquors of gabbroic 
magmas, e.g., gabbro pegmatites. 

The alkalic rocks and particularly their basic varieties are the 
richest in titanium. In contrast to the cale-alkalic rocks, the alkalic 
rocks often contain titanium concentrated in their pegmatites in the 
form of complex titanium silicates of calcium and the alkali metals, 
e.g., astrophyllite, (K 2 j Na 2 ,Ca)(Fe,Mn) 4 (Ti,Zr)[ 0 H|Si 207 ] 2 5 lampro- 
phyllite, Na 3 Sr 2 Ti 3 [(0,0H,F) | (Si0 4 ) 2 ]2, with up to 30 per cent TiO>; 
and rinkite, Na(Ca,Ce) 2 (Ti,Ce)[F| (Si0 4 ) 2 ]. In the basic alkalic rocks 
the titanian garnet melanite, Ca 3 Fe 2 [Si0 4 ] 3 , with Ti substituting for 
Si and NaTi for CaFe, replaces these silicate minerals. It is reported 
to contain up to 22 per cent Ti0 2 , but an intergrowth of melanite and 
sphene may occur, which leads to some of the high titanium con- 
tents observed (Mackowsky, 1938). The melilite-bearing rocks con- 
tain perovskite (with 59 per cent Ti0 2 ) as a characteristic constitu- 
ent. 

In the calc-alkalic rocks, which are the most abundant among the 
igneous rocks and consequently the most important geochemically, 
titanium becomes decidedly enriched in the first products of the 
main stage of crystallization, as appears from the average chemical 
composition of these rocks, calculated by Daly (1933; see Table 
5.32). Titanium is also enriched in the residual liquors from the crys- 
tallization of basic rocks, e.g., in gabbro pegmatites. 
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According to Clarke and Washington (1924), the average titanium 
content of igneous rocks is 6,400 g/ton. Hevesy (1932) gives a figure 
of a similar degree of magnitude, viz., 6,100 g/ ton. These values, ac- 
cording to Goldschmidt (19376), are definitely too high, owing to the 
large amount of rare basic rock types rich in titanium included in the 
material analyzed. Therefore, one must conclude that no reliable 
average exists which shows the abundance of titanium in igneous 
rocks. 

CYCLE OF TITANIUM 

The soluble salts of titanium are readily hydrolyzed. During the 
weathering, titanium consequently remains largely in the resistates. 
The most important rock-making titanium minerals, particularly il- 
menite and rutile, are stable against weathering, and consequently 
they remain unchanged in the resistate sediments. Sphene is also 
often found therein. However, much titanium from the sphene goes 
into solution but is ultimately reprecipitated as brookite. This min- 
eral, along with rutile and anatase, is also produced during the 
weathering of ilmenite. Titanium contained in the structures of 
fernic minerals (pyroxenes, amphiboles, micas, etc.) is brought into 
solution during the weathering, but it is promptly hydrolyzed and 
carried into the hydrolyzates. Bauxites and laterites may contain as 
much as 4 per cent Ti; it is present therein as sphene, ilmenite, brook- 
ite, and probably also as anatase (Frederickson, 1948). 

The content of titanium in sediments and their derivatives is 
shown in Table 21.2. The values for the southern Lapland rocks show 
the low content of titanium in resistates as compared with the hy- 
drolyzates. Compared with the general titanium average of the upper 
lithosphere, viz., 4,400 g/ton Ti, only the laterites show a concentra- 
tion of titanium. Landergren (1948) reports as much as 70,000 g/ton 
Ti in the Irish laterite ores. 

Highly metamorphosed schists of sedimentary origin do not con- 
tain sphene. Titanium is present as oxide in these rocks (Sahama, 
19456). 

TITANIUM ORES 

Titanian magnetite, ilmenite, and rutile are the only minerals of 
titanium of economic importance. Rutile deposits are rare. In some 
iron ores hematite may be the main carrier of titanium, as was shown 
by Landergren (1943). The greatest and economically the most im- 
portant titanium ore bodies are found in North America, India, 
Australia, and Norway. They all belong to the early-separated 
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oxides. These ores are connected with basic rocks, particularly gab- 
bros and norites, and they are differentiation products of basic mag- 
mas. There are, in addition, technically important beach deposits 
consisting of ilmenite and rutile, which occur in the company of other 
heavy minerals, such as monazite and zircon. Some sands are mainly 
composed of ilmenite. Rutile is sometimes met in commercial 
amounts in syenite pegmatites and in apatite veins found in connec- 
tion with nepheline syenites. Some bauxites are potential commercial 
sources of titanium. 

TABLE 21.2 

Titanium Content of Sediments and Their Derivatives 

(g/ton) 

Quartzites (resistates), southern Lapland (Sahama, 19456) . . 960 

Aluminum-rich schists (hydrolyzates), southern Lapland 

(Sahama, 19456) 6,300 

Sandstones, Scania (Palmqvist, 1935 ; recalculated by Lander- 

gren, 1948) 4,400 

Siderites, Scania (Palmqvist, 1935; recalculated by Lander- 

gren, 1948) 2,100 

Oolites, Scania (Palmqvist, 1935; recalculated by Lander- 

gren, 1948) 5 , 000 

Bog ores, Finland (Landergren, 1948) 1,500 

Laterite-bauxite ores, northern Ireland (Landergren, 1948) . 32,500 

Marine oolitic-siliceous iron ores (Landergren, 1948) 3 , 900 

Marine siderite ores (Landergren, 1948) 2,000 

Quaternary clays, Norway (Goldschmidt, 1933a, 19376) 4,700 

Shales, average (Minami, 19356) 4,300 

Hydrolvzate sediments, average (Goldschmidt, 19376) 4,600 

ZIRCONIUM MINERALS 

Even though zirconium, according to its position in the Periodic 
System, resembles titanium chemically in many respects, the two 
elements differ from each other considerably in their manner of oc- 
currence. Zirconium is found in minerals exclusively as the Zr 4+ ion. 
Its radius (0.87 kX) is considerably bigger than the radius of Ti 4+ 
(0.64 kX), and therefore its co-ordination number in regard to oxy- 
gen differs from that of titanium. Titanium most usually occurs in 
6-co-ordination, whereas the co-ordination number of zirconium is 8. 
However, the co-ordination number 8 is evidently too high with re- 
spect to the size of the Zr 4 + ion, and actually the tetrapositive zir- 
conium should lie near the border line between 6- and 8-co-ordination 
— in fact, close to the border line on the 6-co-ordination side. Like 
titanium, 6-co-ordinated zirconium is unable to form a simple sili- 
cate, and therefore it is incorporated, 8-co-ordinated, in an orthosili- 
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cate (zircon). Actually, the co-ordination number 8 of zirconium is 
unnatural and leads to the fact that the zircon structure is not ex- 
ceedingly stable and therefore cannot form during the early stages of 
crystallization. The instability of zircon also causes the existence of 
zircons of exceptionally low specific gravity, called zirconoids; they 
are metamict (see chap. 5). 

Unlike titanium, zirconium forms a stable simple orthosilicate, 
Zr[Si0 4 ], which is found in rocks as zircon. This mineral, with a Zr0 2 
content of 67 per cent, evidently carries most of the zirconium pres- 
ent in igneous rocks. It is the only zirconium mineral of geochemical 
importance. The oxide, Zr0 2 , occurs in Nature as baddelevite, but 
this is a rare mineral, entirely differing from rutile, which is common, 
and it is restricted in its occurrence to granites and their pegmatites. 
Consequently, it is without any geochemical importance. Like titani- 
um, zirconium forms in alkalic rocks, and particularly in their peg- 
matites, a number of complex silicates with a complicated chemical 
composition, e.g., eudialite, (Na,Ca,Fe) 6 Zr[(OH,Cl) | (SisOg)*]; lave- 
nite, (Na,Ca,Mn) 3 Zr[F| (Si0 4 ) 2 ]; and eatapleite, NaoZrfSLOs] *H 2 0. 
Catapleite is the richest in zirconium, containing 30-32 per cent 
Zr0 2 ; but none of the three minerals, being rare, has much geochemi- 
cal moment. It must also be noticed that some zirconium is incorpo- 
rated in the femic constituents of igneous rocks, but the contents are 
lower than those of titanium. As much as 0.4 per cent Zr0 2 is present 
in aegirite. 

ZIRCONIUM IN IGNEOUS ROCKS 

The differences in the manner of occurrence of titanium and zir- 
conium are best illustrated by the behavior of these elements during 
magmatic differentiation. It was stated previously that titanium en- 
deavors to become strongly enriched in the early products of crystal- 
lization and that the content of titanium may be high enough to 
characterize the chemistry of the early-separated oxide minerals. The 
content of zirconium, on the contrary, is low in the early crvstallates, 
but during the main stage of crystallization this metal shows a tend- 
ency to become enriched in the last rocks to crystallize, viz., granites. 
In co-ordination zirconium (as well as hafnium) resembles manga- 
nese, but, because of its high valence, its E- value is high (Wickman, 
1943) . The absence of noteworthy amounts of zirconium in the early 
crystallates is partly due to the fact that its original concentration in 
the rock melt is low and partly to the circumstance that the Zr 4+ ion 
is not readily incorporated in mineral structures, even though its 
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E - value is high. The reasons are similar to those valid for the rare- 
earth metals (chap. 18). 

The averages calculated by Daly (1933) for the chemical composi- 
tion of the most important classes of igneous rocks do not include any 
values for Zr0 2 , but Hevesv and Wiirstlin (1934a) give the averages 
reproduced in Table 21.3. 

In calc-alkalic rocks the concentration of zirconium does not con- 
tinue after the pegmatitic stages are reached; zircon is not a charac- 
teristic constituent of granite pegmatites. The nepheline syenite peg- 
matites, on the other hand, often contain relatively plentiful zircon 
and the complex zirconium silicates. 


TABLE 21. S 

Context of Zirconium in Calc-alkalic Igneous Rocks 


Rock 

Zr 

(g/ton) 

Peridotites, eclogites, dimites . 

. 60 

Gabbros 

. 140 

Diorites 

. 280 

Granites 

460 


CYCLE OF ZIRCONIUM 

The conduct of titanium and zirconium during the minor cycle re- 
veals the presence of notable differences, just as does their behavior 
during magmatic differentiation. This fact is chiefly due to the dif- 
ferences in the manner of occurrence of the two elements in rocks. As 
was stated previously, most zirconium in igneous rocks is contained 
in zircon, a mineral which is very stable against mechanical and 
chemical weathering. Therefore, zircon remains largely in the re- 
sistates, which usually contain considerably more zirconium than do 
the hydrolyzates. However, zircon also goes gradually into solution, 
but the zirconates formed are less stable than the corresponding 
titanium compounds. Therefore, zirconium is rather readily removed 
from solution by hydrolysis and does not form secondary minerals. 
Any zirconium present in the weathering solutions will consequently 
become precipitated in the hydrolyzate sediments by adsorption. 
Yet this proportion is relatively small because of the low solubility 
of zircon, the most important zirconium mineral. The content of zir- 
conium in sediments and their derivatives is lower, the more hydroly- 
zate material is incorporated in these rocks. 

Very few determinations are available to show the content of zir- 
conium in sediments. Hevesv and Wiirstlin (1934) report 500-900 
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g/ ton Zr in bauxite, 120 g/'ton in shales and phyllites, and 140 g/ton 
in red clay. 

In mineral waters the presence of zirconium is evidently caused by 
stable zirconium complexes (see chap. 6). 

ZIRCONIUM ORES 

Zircon and baddeleyite are the only important ore minerals of 
zirconium. They form placers of notable dimensions. The largest 
amount of zircon comes from Australia, followed by India and Brazil. 
The baddeleyite ores of Brazil contain 71-93 per cent ZrO* 2 and 0.5- 
1.2 per cent Hf0 2 . Nepheline-bearing rocks of the Pogos de Caldas 
Plateau in Brazil contain huge quantities of zircon which is mined 
as a zirconium ore. These rocks and the zircon placers derived there- 
from are claimed to be the greatest zirconium ores so far found. 
Sometimes the nepheline syenites may contain enough eudialite to 
make feasible its use as a technical source of zirconium. 

HAFNIUM 

Hafnium resembles zirconium very closely in its chemical proper- 
ties and ionic size and always accompanies zirconium in Nature. As 
a matter of fact, no separation of hafnium from zirconium is known 
to take place in Nature. No independent hafnium minerals are 
known, and the content of hafnium in minerals never exceeds that of 
zirconium. The remarkable association of hafnium and zirconium is 
partly caused by the abundance relationships of these metals. The 
abundance ratio Zr :Hf is 48.9, whereas the ratio Cb:Ta is 11.4. 
Partly because of this lower ratio, columbium and tantalum, con- 
trary to zirconium and hafnium, are actually separated from each 
other in Nature (see chap. 26). Hafnium and zirconium afford, per- 
haps, the most convincing example of the effect of the lanthanide 
contraction on the manner of occurrence of the heaviest atoms of the 
Periodic System in Nature. The radius of Zr 4 ^ is 0.87 kX and that of 
Hf 44- is 0.86 kX. Like zirconium, hafnium is also always quadrivalent 
in the minerals. Zirconium and hafnium form a pronouncedly coher- 
ent pair of elements, perhaps the best example of such pairs. Where 
zirconium does not occur, hafnium is absent as well. All this shows 
that zirconium is a very powerful protective element ( Schuizelement ) 
of hafnium. No hafnium has been found in titanium and thorium 
minerals. It is a constituent exclusively of zirconium minerals. 

Hevesy (1925) has shown that all zirconium minerals and the zir- 
conium salts made therefrom regularly contain hafnium and that 
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their hafnium content varies within rather narrow limits. The 
Hf O 2 : Zr (>2 ratio varies from 0.007 (fava) to 0.5 (thortveitite) . The 
average Hf0 2 content of baddeleyite, Zr0 2 , and zircon, Zr[Si0 4 ], is 
1 per cent. The highest HfCb content in minerals so far investigated 
is presented in Table £1.4, which is based on information given by 
Hevesy (19£5), Hevesy and Wtirstlin (19£8), and Lee (1928). The 
values show that the highest hafnium contents occur in certain ah 
tered hydrous zircons, called alvite, cyrtolite, malacon, and naegite. 
The complex zirconium silicates found in many alkalic rocks usually 
contain much less hafnium. The content of hafnium in minerals of 
alkalic rocks in general seems to be somewhat lower than in those 
of calc-alkalic rocks, particularly granites. Thus, for instance, the 
zircons found in various nepheline syenites are always a little lower 
in hafnium than are the zircons of granites, the Hf0 2 :Zr0 2 ratios 
being 0.015 and 0.04, respectively. 


TABLE 21.4 


Maximum Content of Hafnium in Zirconium Minerals 

Mineral Per CenUMax.) 


Zircon 6 

Naegite 7 

Malacon 4 

Cyrtolite >10 

Alvite 15 

Baddeleyite 1.2 

Thortveitite 1.1 


The average hafnium content of zirconium is about £ per cent 
(Hevesy and Wtirstlin, 1928). 

Often the minerals with a high Hf : Zr ratio are more strongly radio- 
active than are the zircons and zirconium silicates wdth a lower con- 
tent of hafnium. This is due to the concentration of uranium and 
thorium in the mother-liquors of granitic magmas, in which the en- 
richment of hafnium in respect to zirconium also takes place. 

According to Hevesy and Wtirstlin (1928), hafnium also preferen- 
tially accompanies scandium and the yttrium-earth metals in miner- 
als. Consequently, minerals with a high Hf :Zr ratio always contain 
much yttrium earths and usually scandium as w r ell, e.g., cyrtolite, 
thortveitite, and thalenite. Likewise, the HfrZr ratio is high in 
scandium-bearing wolframites. 

As in igneous rocks, hafnium accompanies zircon closely during all 
stages of the minor cycle, and no separation takes place at all. 

Zircon is the most important source of hafnium. 
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BIOGEOCHEMISTRY OF TITANIUM, ZIRCONIUM, 

AND HAFNIUM 

Titanium is reportedly a microconstituent of plants and animals. 
However, often the analyses have been carried out by spectrochemical 
means, and it is believed that the impure carbon electrodes used have 
caused contamination. Therefore, no reliable information is at hand 
concerning the biological role of titanium. According to Mitchell 
(1944), the titanium content of soil is 1,000 g/ton and up. The content 
of titanium in plants seems to depend on its content in soil, and 
titanium would therefore seem a typical ballast element. Titanium 
is present in some marine animals. 

Zirconium is present in soil in a content varying from 50 to 1,000 
g/ton (Mitchell, 1944). It is taken up by the plants, but its biological 
role, if any, seems still to be unknown. 

Nothing seems to be known about the biological importance of 
hafnium, and there is no information showing its content in or- 
ganisms. 
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THORIUM 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

T HORIUM was previously included in the group of the Periodic 
System in which titanium, zirconium, and hafnium are found. 
Thorium is always quadrivalent in its compounds. Its manner of oc- 
currence in Nature resembles that of zirconium and hafnium in cer- 
tain respects, although it also has features uncharacteristic of these 
elements. Along with the geochemical kinship between thorium and 
the three above-mentioned elements, there is also marked similarity 
between thorium, yttrium, and the lanthanides and between thorium 
and uranium. Therefore, thorium occupies, geochemically, an inter- 
mediate position between the rare-earth metals, zirconium (and haf- 
nium), and uranium. Recent nuclear studies have resulted in the es- 
tablishment of another group of rare-earth elements, called the ac- 
tinides. Thorium, protactinium, uranium, and the transuranium ele- 
ments are incorporated in this group (see chap. 18). 

The following abundance values are considered most reliable for 
thorium in the metal phase of meteorites (Arrol, Jacobi, and Paneth, 
1942), silicate meteorites (Noddack and Noddack, 1930), and igneous 
rocks (Goldschmidt, 19376): 


Th 

I ff ’ton) 

Iron meteorites 0 04 

Silicate meteorites c 2-4 4 

Igneous rocks 11.5 


These values emphasize the strongly lithophile character of thori- 
um. It is conspicuously concentrated in the lithosphere, particularly 
in the uppermost parts of this geosphere. 

Thorium is radioactive, with a half-life of 1.389 -10 10 years and 
heads a family of radioactive elements. An isotope of lead, Pb 20S 
(ThD), is formed, after the successive emission of 6 a- and 4 /3-par- 
ticles, by the disintegration of the single isotope of thorium, Th 232 , 
which occurs in Nature: 

Th 232 Pb 20S + 6He 4 . 

Thus lead accumulates in thorium-bearing minerals. 
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THORIUM IN IGNEOUS ROCKS 

The igneous rocks contain the average quantities of thorium shown 
in Table 22 . 1 . These values show that thorium is strongly concen- 
trated in the acidic rocks during the magmatic differentiation. In 
this respect it resembles zirconium, yttrium and the lanthanides, and 
uranium but differs from titanium. After the close of the main stage 
of crystallization the concentration of thorium still continues during 
the pegmatitic stage. This is explained by its high valency, notwith- 
standing the magnitude of its £-value and the fact that the Th 4 ~ ion 
resembles Ca 2+ in co-ordination (chap. 5). 

The average Th:U ratio in igneous rocks is 3.2 (Keevil, 1944 j. 
Senftle and Keevil (1947) found the value 3.4 for this ratio in acidic, 

TABLE 22.1 

Thorium Content of Igneous Rocks 


Basalt (Evans and Goodman, 1941) . 5 0 

Diabase (Evans and Goodman, 194U . . .... 20 

Granite (Senftle and Keevil, 1947) 13 45 

Basic igneous rocks, weighted average (Evans and Good- 
man, 1941) 3 9 

Intermediate igneous rocks (Senftle and Keevil, 1947) . . 9 97 

Acidic igneous rocks, weighted average (Evans and 

Goodman, 1941) 13 0 


and 4.0 in intermediate, igneous rocks. They suggest that acidic 
magmas, although more radioactive than the intermediate ones, re- 
tain more uranium than thorium. 

Only two independent thorium minerals are known, viz., thorianite 
(Th,U)02, and thorite (orangite), Th[Si0 4 ], which are rare constitu- 
ents of pegmatites. Thorite is isomorphic with zircon, Zr[Si0 4 ]. and 
it is evident that a large part of thorium in the upper lithosphere is 
incorporated in the zircon structure. The ionic sizes of thorium and 
zirconium are not too unlike (rrii* + = 1.10 kX; r Zr ^ = 0.87 kX), 
and therefore thorium is able to enter the zircon structure, in which it 
replaces, at least at the temperature of crystallization, zirconium di- 
adochically. Thorium is also camouflaged in other zirconium miner- 
als. However, according to Hutton (1947), zircon in some granites is 
not radioactive, whereas monazite and xenotime are strongly so. 
Consequently, available thorium and uranium, owing to their ionic 
dimensions, seem to prefer the rare-earth minerals, ^whereas the zir- 
con structure allows only a very limited degree of substitution. 
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Thorianite illustrates the close geochemical relationships between 
thorium and uranium. Thorium dioxide, as thorianite, has a structure 
of the calcium fluoride type, and it forms the end-member in the ar- 
tificially produced series in which uranium dioxide, UOo, is found as 
the uranium end-member. The complete isomorphic series has not 
been found in Nature. Uraninite, if its structure is not decomposed, 
occurs as crystals which are isotypic with thorianite. However, all 
natural members of this series, as well as uraninite and thorianite, 
are chemically rather complicated, and the formulas given above are 
much idealized. A mixture containing relatively much thorium is 
called broggerite, (U,Th)0 2 , and the other varieties often bear local 
names. Thorium is found to accompany uranium also in many other 
uraniferous pegmatite minerals. 

The Zr-Th and XI- Th diadochy characterizes the geochemistry of 
thorium. Another remarkable feature is the occurrence of thorium 
together with the rare-earth metals. Notwithstanding the fact that 
thorium does not belong to the same group in the Periodic System as 
the lanthanides, there is a close chemical similarity between the 
rare-earth metals and thorium; and thorium is often considered a 
member of the rare-earth group. It is captured in the structures of 
the lanthanide minerals because the ionic sizes of the elements in 
question are very much alike. The rule is that where the cerium 
earths preponderate, i.e., usually in syenite and nepheline syenite 
pegmatites, thorium is regularly found to be present. Monazite and 
allanite as a rule contain considerable quantities of thorium (5-10 
per cent Th0 2 in monazite) . This manner of occurrence is quantita- 
tively of as high importance in the geochemistry of thorium as is the 
presence of thorium in zircon. In monazite, Th 44 " is captured by the 
trivalent lanthanides, and simultaneously [Si0 4 ] 4 “ substitutes for 
[P0 4 ] 3 ~ 

CYCLE OF THORIUM 

During the minor cycle thorium follows the lanthanides rather 
closely. Monazite, the most important rare-earth mineral, is concen- 
trated in the resistates and may form relatively rich layers in sands 
and gravels if its amount in the weathering rocks was formerly high. 
Such monazite sands, derived from granites and gneisses, are the 
principal sources of thorium. The most important deposits are found 
in Travancore, India, which is reported to yield 75 per cent of the 
world’s total thorium supply. Thorianite (with about 80 per cent 
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ThOo) and thorite (66-70 per cent Th0 2 ) are less important sources 
of thorium. 

Part of thorium is brought into solution during the weathering but 
is easily hydrolyzed and accumulates in the hydrolyzates, which are 
notably rich in thorium. The average thorium content of sedimentary 
rocks is given in Table 22.2. 

The igneous rocks contain, on an average, approximately three 
times as much thorium as uranium. In sea water, on the contrary, the 

TABLE 22 2 

Thorium in Sedimentary Bocks 


Rocks of arenaceous origin (Joly, 1910) 5,4 

Rocks of argillaceous origin (Joly, 1910) 12 

Shales (Minami, 19Soa) 10 1 

Limestones (Evans and Goodman, 1941) 1.1 


content of uranium is at least three times as high as that of thorium 
(see Table 6.17). The higher abundance of uranium in the oceans is 
explained by Pettersson (1939) as being due to the precipitation of 
thorium with hydroxides of iron and manganese, whereby it is de- 
posited partly in the hydrolyzates and partly in the oxidate sedi- 
ments. The Th:U ratio attains high values in these sediments be- 
cause uranium is not precipitated in such surroundings. A little 
thorium is also present in limestones. 

Very little information seems to be available on the occurrence of 
thorium in the biosphere. x\ccording to Mitchell (1944), the thorium 
content of soil may be as high as 0.1 per cent Th. In such cases thori- 
um might perhaps be enriched in biochemical processes. It is known 
that thorium, in small concentrations, stimulates the growth of some 
plants. 
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NITROGEN 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

N ITROGEN is one of the most abundant elements in celestial 
sources, being a common constituent of the atmospheres of the 
stars, the Sun, and the planets. Nitrogen lines are abundant in the 
spectra of the hotter stars and of the nebulae. The solar atmosphere 
contains the molecules and radicals N 2 , ON, ON, NH, and SiN. 
Ammonia, NH 3 , occurs in the atmospheres of the giant planets. The 
silicate meteorites are rather poor in nitrogen, but the nitrogen con- 
tent of igneous rocks is very much higher than was previously as- 
sumed. The abundance values are given in the accompanying tabu- 
lation. According to its content in igneous rocks, nitrogen is actually 

Material (g/ton) 


Chondrites (Noddaek and Noddack, 1934) 0.9 

Igneous rocks (Lord Rayleigh, 1939) 46 3 


one of the more abundant elements in the upper lithosphere. 

The classification of the elements presented in Table 4.3 shows that 
nitrogen is geochemically pronouncedly atmophile. The bulk of the 
atmosphere, or 7 55 g per cm 2 of the Earth’s surface, consists of nitro- 
gen (chap. 7). In addition, nitrogen oxides and ammonia occur as 
regular constituents of the atmosphere: Adel (1939) has identified 
NoO and N 2 0 5 as permanent constituents therein. They are probably 
formed in photochemical and, partly, biochemical reactions. The 
formation of N0 2 in the atmosphere is probably caused by electrical 
discharges. 

The atmophile properties of nitrogen differ from those of oxygen. 
Oxygen is chemically active and combines with most other elements 
to form oxides, being thus removed from the atmosphere. Therefore, 
the free oxygen of the atmosphere is more or less unstable, and this 
element is chiefly lithophile. As a matter of fact, the bulk of the 
lithosphere consists of oxygen (see chap. 27). Nitrogen, on the other 
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hand, Is chemically rather inert and consequently does not play an 
important part in chemical processes taking place on the Earth’s sur- 
face but remains largely in the atmosphere. Therefore, the atmophile 
character of nitrogen is more pronounced than that of oxygen. 

Like hydrogen, nitrogen is a characteristic constituent of volcanic 
emanations. It was previously believed that the nitrogen in volcanic 
gases is of atmospheric origin, but now it is held that the bulk of 
molecular nitrogen in these gases is purely magmatic. It seems to be 
certain that the nitrogen content of the atmosphere has increased 
during the geological history of the Earth as a result of volcanic 
activity. 

Nitrogen is of high importance in biochemical processes. The 
values presented in Table 8.1 show that the nitrogen content of or- 
ganisms varies from 1 to 60 per cent. Nitrogen is a decidedly biophile 
element. Owing to the small mass of the biosphere, the amount of 
nitrogen found therein is small and thus may usually be neglected in 
geochemical calculations. Likewise, the amount of nitrogen in sea 
water and in some evaporate sediments may generally be left out of 
calculations. 

Small amounts of nitrogen are also present in organic compounds 
in sediments and sedimentary rocks. Goldschmidt (19376) estimates 
the quantity of nitrogen found therein as about 3 per cent of the or- 
ganic carbon found in these rocks. Because the amount of carbon is 
about 5G0 g*cm -2 , the quantity of nitrogen amounts to approxi- 
mately 15 g-cm~ 2 . Added to the amount of nitrogen found in the 
atmosphere, this gives 770 g*cm~ 2 , which is the total quantity of 
nitrogen liberated in the terrestrial degassing products. Assuming the 
average nitrogen content of igneous rocks to be 0.00463 per cent by 
weight, the 160 kg* cm -2 of igneous rocks weathered during the 
geological history of the Earth would have produced a total of 
7.4 g*cni~ 2 nitrogen, provided that all nitrogen liberated during the 
weathering finally escaped into the atmosphere. This amount is only 
about one one-hundredth of the total degassed nitrogen, and conse- 
quently it seems to be evident that much nitrogen is released directly 
into the atmosphere by volcanic activity. It might also be possible 
that some nitrogen now found in the atmosphere is primitive, being 
a remain of the proto atmosphere. 

According to Hutchinson (1944), Goldschmidt’s value (15 g*cm~ 2 ) 
is probably too low. The average content of combined nitrogen in 
sediments is given by Hutchinson as 510 g ton, of which 460 g ton 
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is fossil nitrogen, lost from the biosphere. Taking, according to 
Goldschmidt (1933a), the total amount of sediments as 170 kg-cm“ 2 , 
these values give 87 and 78 g-cm~ 2 , respectively. Compared 
with the amounts of fossil oxygen (485-794 g-cm~ 2 ; chap. 27) and 
fossil carbon (210 g*cm~ 2 ; chap. 19), the quantity of fossil nitrogen 
appears strikingly small. 

Hutchinson (1944) has also called attention to the fact that 1.71 g 
oxygen are liberated for each gram of nitrogen fixed in the formation 
of ammonia, according to the reaction 

2N 2 + 6H 2 0 -> 4NH 3 + 30 2 . 


Therefore, the fixation of the estimated 73 g-cm -2 of fossil nitrogen 
corresponds to the liberation of 125 g-cm- 2 oxygen into the oxygen- 
carbon dioxide cycle. This is a little more than half the existing sup- 
ply of oxygen (230 g-cm -2 ) in the atmosphere (see chap. 7). How- 
ever, some of the ammonia probably comes from juvenile sources, 
thus causing a corresponding decrease in the estimate. When 
the amount of oxygen liberated in the above-mentioned process 
(125 g-cm- 2 ) is added to the quantity consumed in the production of 
the total of 760 g- cm -2 C0 2 in the carbon cycle (550 g*cm"~ 2 ; see 
chap. 19) and when the sum (675 g-cm“ 2 ) is compared with the 
amount of fossil oxygen (485-794 g -cm- 2 ; chap. 27), the higher of the 
two estimates is seen to correspond more closely to the known facts. 

NITROGEN IN IGNEOUS ROCKS 

In the upper lithosphere nitrogen seems to be oxyphile, but no de- 
tailed information is so far available on its manner of occurrence. The 
igneous rocks have not been reported to contain any independent 
nitrogen minerals which should indisputably have been formed by 
direct crystallization of magma. The iron nitride siderazot (silves- 
trite), Fe 5 N 2 , is found as a thin coating on some lavas, but it may be 
of secondary origin, formed in the reaction between hot lavas and 
atmospheric nitrogen. Volcanic emanations produce a number of 
ammonium salts, e.g., sal ammoniac, NH 4 C1. The ammonium com- 
pounds were believed to result from the decomposition of boron ni- 
tride by water vapor. Other possibilities of their formation were sug- 
gested in addition. As early as 1847, the German chemist, Robert 
Wilhelm Bunsen, suggested that the destructive distillation of or- 
ganic matter is the source of the ammonium compounds in certain 
volcanic regions. Zies (1929), when discussing the origin of ammoni- 
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urn minerals in the Valley of Ten Thousand Smokes in Alaska, ad- 
hered to Bunsen’s explanation, for which certain geological features 
of the Katmai area seemed to afford further support. However, Ber- 
beyer (1947) showed that the ammonium salts produced by the vol- 
canoes may originate in the reaction between the nitrogen of the air 
and the hydrogen of water vapor under the catalytic action of the 
ferromagnesian minerals of the lavas. 

According to Lord Rayleigh (1939), igneous rocks contain, on an 
average, 0.00463 per cent N. This nitrogen appears to be mainly in 
chemical combination, perhaps as ammoniacal nitrogen. At least, not 
all nitrogen is held in the structures of minerals, unlike the probable 
manner of occurrence of the rare gases (chap. 45). Nitrate nitrogen 
in rocks, if any, can be only a small part of the whole. 

The possibility of the diadochic substitution of (radius 1.33 kX) 
by [NH 4 ] + (radius 1.43 kX) might offer a possibility of explaining the 
manner of occurrence of nitrogen in rocks, but this problem has so 
far attracted no attention. 

The nitrogen content of igneous rocks is remarkably constant, as 
the figures given in the accompanying tabulation show (Lord Rav- 

Rock 

D unite, average 

Gabbro 

Granite, average 

leigh, 1939). 

The composition of gases obtained by the heating of igneous rocks 
is illustrated by three analyses made by W. A. Tilden in 1896, quoted 
from Clarke (1924) and reproduced in Table 23.1. Although the anal- 
yses in this table do not represent the composition of all gases evolved 
from igneous rocks, they show that hydrogen and carbon dioxide pre- 
dominate among the gases and that a notable content of nitrogen is 
also present. 

CYCLE OF NITROGEN 

The nitrogen compounds are liberated from rocks during the 
weathering. According to Clarke (1924), the dissolved solids in river 
waters contain, on an average, 0.90 per cent nitrate nitrogen (see 
Table 6.7). At least a part of this nitrogen is of organic origin, being 
liberated during the decay and subsequent oxidation of organic mat- 
ter. Ammonium salts of inorganic origin are produced by volcanic 
activity and brought down in precipitation. Organic nitrogen is de- 
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rived from organic matter and its products of decomposition. Nitro- 
gen fixed in the atmosphere by electrical discharges, by photochemi- 
cal reactions, and in the trail of the meteors is also brought down by 
precipitation, as are the nitrogen compounds derived from industrial 
contamination. All this nitrogen is present as nitrous acid, HN0 2 , 
nitric acid, HNO s , and their salts. Cyclical nitrogen is also present in 
rain water, viz., cyclical ammonia, cyclical nitrate, and cyclical ni- 
trite. Such nitrate comes from the soil and the ocean. The organic 
nitrogen in rain is probably all cyclical. 

Notable amounts of nitrogen are thus carried to the sea, but this 
amount is small if compared with the total quantity stored in sea 
water. In the sea, nitrogen is absorbed by plants and built up into 


TABLE 23.1 

Composition of Gases Evolved from Igneous Rocks 


Rock 

I * 

i : 

C0 2 

CO 

cm 

Total 

i 

i 

1 


Per Cent by Volume 



Basalt 

1 ! 

1 36 15 

1 61 

32 OS 

20 OS 

10 00 

99 92 

Gabbro 

I 88 42 

1 90 

0 50 

2 16 

2 03 

100 01 

Granite 

' 61 68 

o 13 

23 60 

6 45 

3.02 

99 88 


their cell substance. Therefore, the nitrogen content of sea water re- 
mains low, and particularly the surface layers, which are rich in 
plankton organisms, are depleted In nitrogen. According to Table 
6.17, the content of the various compounds of nitrogen in sea water 
Is shown in the accompanying tabulation. 


Nitrogen Compound (g/ton) 

Nitrogen as nitrate 0 .001 -0.7 

Nitrogen as organic nitrogen 0 .03 -0.2 

Nitrogen as nitrite 0 .0001-0 05 

Nitrogen as ammonia > 0 . 0 05 - 0 . 05 


All nitrogen compounds show a wide range of concentration values 
from place to place, because there occur seasonal changes in the 
upper layers. Sea water also contains particulate nitrogenous mate- 
rial of organic origin, and organic nitrogen compounds are found in 
marine organisms. The values recorded above show that the bulk of 
nitrogen In ionic solution consists of nitrate nitrogen. This is always 
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the case in the deep waters, but, in surface layers of the ocean, nitrate 
is the most abundant inorganic form of nitrogen only preceding the 
vegetative season. 

Sea water also contains considerable amounts of dissolved gases, 
particularly in the upper layers. The abundance ratio between dis- 
solved nitrogen and oxygen in sea water differs from the correspond- 
ing ratio in the air. According to Table 6.18, the concentration of 
dissolved nitrogen in sea water varies from 8.4 to 14.5 ml/1. Nitrogen 
is notably impoverished in the gases dissolved in sea water, as com- 
pared to its content in the atmosphere. It is possible that a certain 
amount of fixed nitrogen in sea water is liberated and returns to the 
atmosphere as free nitrogen; but this amount is necessarily small, 
like that of dissolved nitrogen utilized by plants. 

During the formation of sediments, nitrogen in the form of organic 
compounds is incorporated in the rocks deposited. Sediments con- 
taining organic matter thus become enriched in nitrogen, but the 
fate of this element during diagenesis and metamorphism is still un- 
known. 

Ammonium salts, nitrates, and nitrites are all readily soluble, and 
their content in sea w r ater is low. Therefore, marine salt deposits do 
not contain notable amounts of these salts. Thus, e.g., no ammonium 
salts occur as characteristic constituents in the Stassfurt salt beds in 
Germany. Evaporate sediments containing nitrates are, however, 
found in arid regions; they are continental formations, ultimately 
deposited from ground w T aters, though their origin is still a matter of 
controversy. The greatest nitrate deposits occur in South America in 
the desert regions of northern Chile. The composition of the Chilean 
nitrate beds (caliche) is variable. They consist chiefly of nitrates, 
chlorides, sulfates, borates, perchlorates, and iodates of sodium, po- 
tassium, calcium, and magnesium. The presence of perchlorates, 
iodates, and some chromates and selenates in these deposits affords 
proof of a very high redox potential. In fact, their redox potential is 
the highest so far recorded on the Earth. Niter (nitrokalite), EN T 0 3 , 
and nitratite (nitronatrite) , NaNCh, are the most abundant nitrates 
in caliche. However, halite and gypsum are more abundant constitu- 
ents than the nitrates. Some deposits contain 50 per cent nitrates or 
still more, but they are rare. The nitrate deposits form an important 
source of nitrogen, but increasing amounts of nitrogen compounds 
are now made from the atmospheric nitrogen by electrochemical 
processes. 
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NITROGEN AND ITS CYCLE IN THE BIOSPHERE 

Nitrogen occurs in all living organisms, usually as a constituent of 
proteins. In addition, most recent and fossil substances of organic 
origin contain nitrogen. Some inorganic compounds of nitrogen are 
found in biochemical systems, viz., ammonia, NH 3 ; hydroxylamine, 
NH 2 OH; nitrous acid, HN0 2 ; nitric acid, HN0 3 ; and the salts (ni- 
trites and nitrates) of the two acids. Simple organic compounds of ni- 
trogen of biological importance are known, such as hydrocyanic acid, 
HCN; urea, CO(NH 2 ) 2 ; and a number of amines, amino acids, etc. 
The complex organic compounds of nitrogen include purines, por- 
phyrins, proteins, and many others. 

The geochemical cycle of nitrogen is intimately connected with the 
biosphere, and its cycle in the biosphere forms an important part of 
the cycle as a whole. The biophile character of nitrogen is rather 
pronounced, and its cycle in the biosphere is its most prominent geo- 
chemical feature. The cycle of nitrogen in the biosphere and the ad- 
joining geochemical spheres is presented in Figure 23.1, which is 
mainly based on the surveys presented by Gilson (1937), Eskola 
(1939), and Fearon (1947). It should be noted that the French chem- 
ist, Jean Baptiste Andre Dumas (1800-1884) was the first to present, 
in 1841, a general scheme of the cycles of nitrogen and carbon. 

Plants use nitrogen as a nutrient to form the complex protein and 
other molecules, which, in turn, form the nitrogen source of the ani- 
mals. In order to be able to participate in biochemical processes, the 
atmospheric free nitrogen must first be converted into nitrate. The 
nitrogen fixation is partly a result of industrial activity; but by far 
the greatest part of nitrogen is fixed by micro-organisms living in the 
root nodules of leguminous plants, by soil organisms, both aerobes 
and anaerobes, and by some blue-green algae. A small part of nitrate 
nitrogen is derived from the atmosphere, where it is produced by 
electrical and photochemical processes. Nitrogen-fixing nodules are 
also found in some other plants, e.g., in the leaves of rubiaceous 
plants and in the roots of alder. Micro-organisms capable of assimi- 
lating nitrogen occur, in addition, in both fresh and salt water. The 
following metals are necessary for the biological fixation of nitrogen 
in soil: calcium, magnesium, molybdenum, and iron; calcium may be 
replaced by strontium and molybdenum by vanadium. 

In herbivorous animals the plant proteins are decomposed and re- 
synthesized into animal proteins. The higher animals excrete the 
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waste nitrogen as urea. This compound is rapidly attacked by 
micro-organisms, which convert it into ammonia. In this form nitro- 
gen re-enters the circulation. Birds and reptiles excrete nitrogen as 
uric acid, which is more stable and more insoluble than urea and may 
therefore accumulate under proper conditions. If such is the case, 
nitrogen is temporarily withdrawn from the cycle, e.g., in the guano 
deposits of the Pacific islands which consist chiefly of the excrements 
of seafowl (see chap. 24). 

During the decay of plants and animals after death, their complex 
organic nitrogenous compounds are decomposed by bacteria. This 
decomposition is mainly due to proteolytic bacteria, which first pro- 
duce amino acids, then ammonia, nitrites, and, finally, nitrates. A 
part of the ammonia, if liberated, may escape into the atmosphere or 
dissolve in water. Bacteria are also known which are capable of split- 
ting off the NH 2 group of the amino acids (ammonification) . The 
ammonia is usually oxidized (nitrification), first into nitrites, then 
into nitrates by other bacteria, and thus it re-enters the cycle. The 
nitrates, on the other hand, may be reduced by nitrate-reducing 
(NO 7 — » NOp) and denitrifying (NO 7 — » NOr — > N 2 ) bacteria. In the 
second case nitrogen is lost from the organic cycle Into the atmos- 
phere. The wealth of bacteria connected with the cycle of nitrogen 
also includes those that are capable of reducing nitrates to ammonia 
and other species which convert nitrites and nitrates into organic 
substances and still others able to fix atmospheric nitrogen to produce 
organic substances. 

In the marine biocycle the migration of nitrogen is rather compli- 
cated. The amount of nitrate, like that of phosphate, is controlled In 
the sea by the consumption by phytoplankton and the regeneration 
from its remains. Marine animals excrete nitrogen-bearing substances 
into sea water, mainly ammonia. The deep ocean waters contain a 
huge supply of nitrate, which is the most stable form of nitrogen. 
Because nitrate is the most abundant form of inorganic nitrogen in 
the sea, most organisms are able to obtain their principal supply of 
nitrogen from nitrate, but some may also utilize nitrites, ammonium 
salts, and simple organic compounds. The abundance of nitrate in 
deep ocean water emphasizes the role of the bottom as the principal 
site of the nitrification processes. 

As on land, so also in the sea the role of bacteria in the transforma- 
tion of organic nitrogen into inorganic forms and in the reactions be- 
582 



NITROGEN 


tween ammonia, nitrite, and nitrate is very important. It is probable 
that the reactions take place according to the following scheme: 

Nitrogenous material — > NHp N 2 0|” NOp XOp . 

Much energy is released in the formation of ammonium salts and of 
hyponitrite and nitrite. 

According to Hutchinson (1944), the ocean, contrary to the case of 
carbon dioxide, is not the general reservoir and stabilizing mechanism 
of ammonia in the cycle of nitrogen. 

Chitin, a very stable and insoluble nitrogen-bearing carbohydrate, 
is found in the exoskeletons of insects and crustaceans and in the 
supporting tissue of fungi. In the form of chitin, nitrogen is at least 
temporarily withdrawn from the cycle. The total rate of nitrogen 
fixation for the whole Earth can hardly be less than 0.0034-0.017 
mg • cm" 2 annually (Hutchinson, 1944), and consequently the pres- 
ent-day supply of 7 55 g*cnr~ 2 of atmospheric nitrogen would last 
from 44 TO 6 to 22G-10 6 years. Hutchinson estimates that if no 
chitin-splitting organisms had developed and no inorganic decompo- 
sition of nitrogen-bearing organic substances had taken place, the 
current rate of chitin production would have exhausted the nitrogen 
supply of the atmosphere in 41-10 6 years, provided that adequate 
nitrogen fixation had occurred. 

Two nitrogen isotopes exist, N 14 and N 15 , the former being by far 
the more abundant. Some amino acids are known to contain N 15 in 
excess of atmospheric nitrogen, but the cause of this change in the 
isotopic abundance ratio is still unknown. 
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PHOSPHORUS 


ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

T HE abundance of phosphorus in the meteorite phases and in 
igneous rocks is presented in Table 24.1. Phosphorus has also 
been detected and quantitatively determined in the solar atmosphere 
(see chap. 2). 

Phosphorus is one of the most abundant trace elements of the 
upper lithosphere. However, its abundance values show clearly that 
it does not belong among the typically lithophile elements. It is evi- 
dent that phosphorus, unlike many other elements, does not show 
any well-determined behavior as far as its distribution among the sili- 


TABLE 24.1 

Abundance of Phosphobus 

Material 

Metal phase of meteorites (Goldschmidt, 19376) 

Sulfide phase of meteorites (Goldschmidt, 19376) 

Silicate phase of meteorites (Goldschmidt, 19376) 

Igneous rocks (Conway, 1915) 


P 

(g/ton) 

1,800 

3,000 

700 

1,200 


cate, sulfide, and metal phases in physicochemical systems is con- 
cerned. Thus, e.g., the metal phase of the meteorites contains only 
2.6 times as much phosphorus as does the silicate phase. 

Phosphorus and nitrogen belong to the same subgroup of the Peri- 
odic System. Phosphorus, like nitrogen, may occur as a trivalent 
negative, and as a quinquevalent positive, ion. In the metal phase 
of the meteorites and in the troilite nodules, phosphorus forms the 
phosphide^schreibersite, (Ee,Ni,Co) 3 P. The troilite nodules may con- 
tain as much as 1.16 per cent P (Goldschmidt, 1935). However, the 
stability of schreibersite depends on the redox potential of the sys- 
tem, and only in the metal and sulfide phases of the meteorites with 
their very low T redox potential, as compared with terrestrial igneous 
rocks, may schreibersite be stable. The stony meteorites and particu- 
larly the igneous rocks of the upper lithosphere are rich in oxygen, 
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and phosphorus is present therein only as quinquepositive ions, 
which form a part of the orthophosphate ion, [POJ 3 ~. 

The abundance values of phosphorus show that this element is 
siderophile, with a pronounced lithophile tendency. In spite of its 
high content in the troilite nodules, phosphorus hardly possesses any 
strong chalcophile features. 

PHOSPHORUS IN IGNEOUS ROCKS 

In the upper lithosphere, phosphorus is oxyphile. 

Phosphorus, titanium, and manganese are the trace elements 
usually determined during the course of a chemical rock analysis 
made for petrological purposes. Therefore, numerous analyses are 
available, showing the content of phosphorus in igneous rocks. The 
investigation of the geochemistry of phosphorus in these rocks is also 
greatly facilitated by the fact that, even though present only in 
small quantities, it tends to form an independent mineral, viz., apa- 
tite, Ca 5 [(F,Cl,OH) | (P0 4 ) 8 ]. This mineral, with a P 2 0 5 content rang- 
ing from 41 to 42.5 per cent, is one of the most common accessory 
constituents of igneous rocks, and it is evident that by far the great- 
est part — perhaps as much as 95 per cent or more — of the phosphorus 
of igneous rocks is present in apatite. 

The fact that phosphorus follows very closely the course of titani- 
um during the magmatic differentiation was pointed out by Vogt 
(1931). The average chemical composition of the calc-alkalic igneous 
rocks, calculated by Daly (1933; see Table 5.32), reveals that phos- 
phorus, like titanium, shows a pronounced tendency to become con- 
centrated during the earliest steps of the main stage of crystalliza- 
tion. In alkalic rocks — for example, in syenite, nepheline syenite, and 
especially basic alkalic rocks — phosphorus may even occur among 
the main constituents. In the early-separated silicates, such as 
dunite, phosphorus and titanium are relatively rare. On the other 
hand, the phosphorus content of magmatic sulfides is rather high: 
2,500 g/ton, according to Noddack and Noddack (1931a). The man- 
ner of occurrence of phosphorus in sulfide minerals seems to be un- 
known. 

As was emphasized by Vogt (1931), phosphorus and titanium af- 
ford a good example of a pair of elements which accompany each 
other in igneous rocks in spite of the great difference in their chemical 
behavior. Unlike the pairs zirconium-hafnium, nickel-cobalt, and 
zinc-cadmium, which are geochemically coherent because of their 
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position in the Periodic System, the only common feature of titanium 
and phosphorus is the tendency of their most abundant minerals — 
ilmenite, sphene, and apatite — to become separated from the magma 
under similar circumstances. Consequently, these elements usually 
occur in the same rock. It is evident that the geochemical affiliation 
of phosphorus and titanium is coincidental and not based on any 
chemical similarity. 

A feature characterizing phosphorus geochemically is its property 
of forming numerous phosphate minerals with a number of cations; 
such minerals occur in pegmatites, in pneumatolvtic, and especially 
in hydrothermal, rocks. The phosphate minerals, however, are usually 
mineralogical curiosities and have but little importance in the geo- 
chemistry of phosphorus. The bulk of phosphorus is found in apatite. 
As to other calcium phosphates, thermochemical studies on the sys- 
tem CaO-PoOs carried out by G. Tromel in 1932 (according to Eitel, 
1941) show that four different phosphates crystallize in this system, 
viz., 

CaOPA 
2CaO-PA 
SCaOPoA 
4CaO* P 2 O 5 

The compound 3Ca0*P 2 0 5 or Ca 3 [P0 4 ]2 occurs as a rare constituent 
(whitlockite) in hydrothermal rocks. 

Crystal chemical studies have revealed the presence of a separate 
anion as an essential constituent of the structure of apatite, along 
with the phosphate group. This anion consists usually of Cl, F (see 
chap. 44), OH, or C0 3 , and the apatites are accordingly called 
chlorapatites, ffuorapatites, hydroxylapatites, and carbonate apa- 
tites. In chlorapatite, F is partly or totally replaced by Cl, and in 
oxyapatite (voelckerite), 2F is replaced by 10. The most common 
magmatic apatite is a mixture: Ca 5 [(F,Cl,OH) | (P0 4 ) 3 ]. According 
to McConnell (1938), the pure carbonate apatite and oxyapatite, 
Caio[C0 3 | (P0 4 ) 6 ] and Cai 0 [O| (PO^eL do not exist in Nature. The 
[P0 4 ] group of apatite may be replaced by the following groups: 
[AsOi], [V0 4 ], [S0 4 ], and [Si0 4 ], and Ca may be replaced by Na, K, 
Sr, Tit, and Mn. According to Mitchell, Faust, Hendricks, and Reyn- 
olds (1943), hydroxylapatites are formed only by metamorphic 
processes in the presence of much water and with the simultaneous 
formation of other minerals rich in hydroxyl groups, e.g., talc and 
chlorite. In this case the fluorine of the apatite becomes replaced by 
hydroxyl. 
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In apatite and all other phosphate minerals the phosphorus- oxy- 
gen complex forms [P0 4 ] tetrahedra which are structurally compa- 
rable with the [SO 4 ] groups of the sulfates. It should be noticed that 
in phosphate minerals the [P0 4 ] groups, unlike the [Si0 4 ] tetrahedra 
of the silicates, are not linked together but are always present as 
separate groups. 

Only a small proportion of all phosphorus occurs elsewhere than 
in the apatite in igneous rocks. This part forms, particularly during 
the last steps of the main stage of crystallization, a number of phos- 
phate minerals, usually of rare and limited occurrence. They include 
the rare-earth phosphates monazite, Ce[P0 4 ], with 26-30 per cent 
P2O5, and xenotime, Y[P0 4 ], which contains 29-35 per cent P 2 0 5 . 
Monazite and xenotime are minor constituents of granites, particu- 
larly of granite pegmatites. In granite and nepheline syenite pegma- 
tites, phosphorus forms, in addition, a number of lithium, beryllium, 
aluminum, and manganese phosphates, e.g., beryllonite, NaBe[P0 4 ], 
which is isotypic with quartz; triphylite, Li(Fe 2+ ,Mn 2 +)[P0 4 ], iso- 
typic with olivine; triplite, (Fe 2+ ,Mn 2+ ) 2 [FjP0 4 ]; and amblvgonite, 
LiAl[(F,OH) | P0 4 ]. Amblygonite is of importance as an ore of lithi- 
um. Its phosphorus content runs from 46 to 49 per cent P2O5. 

The huge nepheline syenite area in the central part of the Kola 
Peninsula in Russia affords an example of the existence of a residual 
magma very high in phosphorus. This magma intruded the surround- 
ing rocks and formed vast bodies of apatite rock, comparable with 
intrusive bodies consisting of pegmatite. 

Another manner of occurrence of phosphorus in minerals is its 
property of substituting for silicon in the silicon-oxygen framework 
of silicates, even in the independent [Si0 4 ] tetrahedra. As much as 
approximately 25 per cent of the [Si0 4 ] groups have been found to 
be replaced by [P0 4 ] groups in some Japanese zircons, the Zr 4+ being 
replaced by trivalent rare-earth metals in order to maintain the elec- 
trical neutrality of the structure. Mason and Berggren (1941) found 
up to 4.10 per cent P2O5 in a spessartite garnet, a part of the [Si0 4 ] 
groups being replaced by [P0 4 ] groups. The degree of replacement is 
probably regulated by the conditions prevailing during the time of 
formation of the mineral. The radii of Si 4 ^ (0.39 kX) and of P 5+ 
(0.35 kX) make a diadochic replacement plausible; and numerous 
artificial compounds, e.g., the silicophosphates of alkali and alkaline- 
earth metals, reveal the possibility of an unlimited replacement of 
Si 4+ by P 5+ . As emphasized by Mason and Berggren, phosphorus, in 
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small amounts at least, may be much more common in silicate min- 
erals than has been suspected. Detailed research in this field would 
be welcome. 

PHOSPHORUS AND ITS CYCLE IN THE BIOSPHERE 

The manner of occurrence of phosphorus in the biosphere reveals 
its distinctly biophile character. Phosphorus is an essential constitu- 
ent of cytoplasm. All plants contain phosphorus, and the phosphate 
content of soil is one of the factors which limit the growth of plants. 
Phosphorus is an important constituent of bones, teeth, and many 
shells in animals. In mammals most of the phosphorus is incorporat- 
ed in the skeleton. Higher organisms are usually richer in phosphorus 
than are the lower forms. 

Salts of orthophosphoric acid occur in tissues and tissue fluids 
(anions H2PO7 and HPO;~) and in bones (anion POf")- Pyrophos- 
phoric acid, H4P2O7, forms labile esters which are important in the 
energy transfer in many biochemical processes. Phosphorus is also a 
constituent of lipides and many proteins. Phosphates stabilize the 
pH of cell and tissue fluids. 

Phosphorus circulates in the biosphere as phosphate. The cycle of 
phosphorus in the biosphere is an important part of its general geo- 
chemical cycle. Plants take up phosphorus from soil, as soluble phos- 
phates, to synthesize phospholipides and other phosphoriferous com- 
pounds. In animals feeding upon plants these substances are trans- 
ferred into tissue phosphates and phosphoproteins. The excess phos- 
phorus is excreted as phosphate, in the higher animals chiefly by the 
kidney. 

In the marine biocycle the migration of phosphorus is very similar 
to the cycle of nitrogen, but only one inorganic form, viz., the phos- 
phate ion, is known to occur. The cycle is biologically activated and 
involves the alternation of organic and inorganic forms. Marine plants 
and animals extract phosphates from water for their structures and 
cytoplasm. Although soluble phosphates are the main source of phos- 
phorus for the plants, it might be possible that phytoplankton or- 
ganisms obtain a part of their phosphorus from dissolved organic 
phosphorus complexes. In any case, organic compounds form an in- 
termediate stage in the regeneration of phosphorus. Owing to the ac- 
tion of scavengers and bacteria on the remains of the organisms, 
phosphorus re-enters sea water as soluble phosphate. The phosphate 
utilized by phytoplankton returns to the sea relatively completely. 
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A part of the phytoplankton phosphates is returned directly by 
herbivores and carnivores which excrete phosphate, and another part 
comes in the fecal pellets. Some phosphate is also regenerated indi- 
rectly during the decomposition of stable organic phosphorus com- 
pounds dissolved in sea water. The role of bacteria in the cycle is 
still unknown, but it is possible that some phosphorus is precipitated 
by bacteria, because some species are known to contain this element. 

Some phosphorus escapes the cycle in the sea and is deposited in 
the accumulating sediments. 



Fig. 24.1. — The cycle of phosphorus 

CYCLE OF PHOSPHORUS 

The cycle of phosphorus is presented in Figure 24 . 1 . During weath- 
ering, phosphorus is largely liberated from minerals. The weathering 
solutions contain alkali phosphates and dissolved or colloidal calcium 
phosphate. A part of the phosphorus is soon reprecipitated as calcium 
phosphate, but the bulk is carried to the sea. Calcium phosphate is 
soluble in carbon dioxide-bearing water and probably also in waters 
rich in organic material. Some phosphorus seems to be released in 
juvenile waters. Tageeva ( 1942 ) found phosphorus (and arsenic) con- 
centrated in waters connected with volcanic activity, whereas surface 
waters, with the exception of soda lakes, were deficient in this ele- 
ment. 

A number of secondary phosphate minerals are formed by phos- 
phate-bearing solutions. This group includes, among others, pvro- 
morphite, Pb 5 [Cl | (P0 4 ) 3 ] ; the rare-earth phosphate weinschenkite, 
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(Y,Er)[P0 4 ] *2H 2 0; vivianite, Fe~+[P0 4 ]2*8H 2 0, which is often found 
in bog iron ores, cavities of fossils, etc., but also as a constituent of 
copper and tin veins; and turquois, CuA1 6 [(OH) 2 | POJ4 *4H 2 0. In 
addition, the group of uranites (uranmicas) includes a number of 
phosphate minerals, viz., torbernite, Cu[U0 2 1 P0 4 ]‘2 • 8H 2 0, and the 
calcium (autunite), magnesium (saleeite), and barium (urano- 
circite) compounds of corresponding composition (see also chap. 30). 

Notable amounts of phosphorus are also transported into the sea 
in sewage, and finely divided rock powder containing phosphate 
minerals is believed to be an important source of phosphorus in the 
Arctic and Antarctic seas. 

The content of phosphorus in sediments and their derivatives is 
illustrated in the accompanying tabulation by the analyses of com- 
posite samples, made by H. N. Stokes and G. Steiger and quoted 
from Clarke (1924; see also Table 5.52). 

p 2 05 

Rock (Per Cent) 

Sandstones 0 08 

Fed clay. . . ... . . 0.30 

Shales d 0.17 

Limestones 0 04 

A considerable part of phosphorus remains in the resistates as un- 
dissolved apatite, monazite, and xenotime, and probably also in the 
structures of silicate minerals, such as garnet, which is stable against 
weathering. However, the bulk of phosphorus is deposited in the hv- 
drolvzates as reprecipitated calcium phosphate. Phosphorus is en- 
riched in the red clay which contains tw T o and a half times as much 
P as do the igneous rocks. The phosphorus content of the carbonate 
sediments is rather small. 

The analyses of river and lake waters collected and published by 
Clarke (1924) show that the content of phosphorus is usually low. 
As a matter of fact, the content of phosphorus in fresh water com- 
monly does not exceed 5-10 mg/m 3 (as phosphate), and consequently 
its determination is often neglected. Therefore, no phosphorus value 
is included in the average analyses of lake and river waters presented 
in Table 6.7. 

In spite of the constant addition of phosphates to the sea, the con- 
tent of phosphorus in ocean water remains low (see Table 6.17). 
Phosphorus is being continually removed from sea water. A part of 
the depletion is evidently caused by the action of organisms discussed 
above. The distribution of phosphorus in the sea is therefore notably 
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controlled by organic agencies. However, inorganic processes are also 
operative in the removal of phosphorus from sea water. The content 
of phosphorus in the upper layers of the sea is considerably lower 
than in the deep waters. The reason is the removal of phosphate by 
marine organisms. In addition, according to Dietz, Emery, and 
Shepard (1942), it is probable that sea water deeper than a few hun- 
dred meters is essentially saturated with Ca 3 (P0 4 ) 2 . If the ocean is 
saturated with tricalcium phosphate, an amount of phosphorus equal 
to that carried annually to the seas by rivers must be precipitated. 
Because the phosphate saturation point depends on the pH, changes 
in biological or physicochemical conditions may affect the concen- 
tration of the phosphate ion and consequently cause solution or pre- 
cipitation of phosphate. As pointed out by Dietz, Emery, and Shep- 
ard, the calcium phosphate balance in the sea is similar in this respect 
to that of calcium carbonate (see chap. 15). 

It seems to be probable that phosphate deposits are relatively 
common on the ocean floor. Both inorganic precipitation of calcium 
phosphate and biochemical processes may take place in their forma- 
tion. According to Dietz, Emery, and Shepard (1942), the phosphate 
nodules which are often found abundantly in some shallow areas have 
been largely deposited inorganically from a colloidal suspension. The 
stagnant waters deficient in oxygen may allow the concentration of 
phosphorus in the absence of organisms which consume this element, 
and thus it will be precipitated as phosphate nodules or continuous 
beds. In addition, fluorine may be operative in the precipitation of 
phosphorus by making the calcium phosphate more or less insoluble. 
It is known that tricalcium phosphate absorbs fluorine from ground 
water. 

The phosphate concretions are rather high in phosphorus; the 
authors cited above report an average content of 67 per cent 
Ca 3 (P0 4 ) 2 in phosphate nodules off the coast of southern California. 
The fluorine content of these nodules was found to be 2.47-3.36 per 
cent. Collophane, the microcrystalline carbonate-fiuorapatite, is the 
main constituent of the nodules. Francolite, another member of the 
apatite group, probably accompanies collophane in the nodules. It 
should be noted that many elements, e.g., zinc, cadmium, indium, 
and bismuth, become enriched in marine phosphates. 

Phosphorus is also removed from the sea in the skeletal structures 
of marine organisms, many of which may be very high in phosphorus. 
The analysis of the phosphatic brachiopod quoted in Table 8.3 shows 
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a content of 75.17 per cent tricalcium phosphate in the skeletal 
material. In the calcareous skeletons the phosphate content, how- 
ever, is very much lower. According to Clarke and Wheeler (1922), 
vertebrate skeletons may form a more important source of phos- 
phorus in sediments than invertebrate remains. 

Secondary enrichment of phosphorus may take place in phosphatic 
sediments. Thus phosphates may become concentrated when car- 
bonates are leached away from phosphate-bearing calcareous sedi- 
ments and phosphatic limestones. On the other hand, ammonia de- 
rived from decaying marine organisms may dissolve phosphates, 
which may replace carbonates in limestone. 

Still another part of phosphorus is, at least temporarily, removed 
from the cycle during the accumulation of guano. Guano consists of 
excrements and remains of animals, chiefly sea birds. It accumulates 
in dry areas, the largest deposits being found in Pacific islands and 
elsewhere in the belt of the trade winds. Fresh guano consists of a 
mixture of various phosphorus- and nitrogen-bearing organic sub- 
stances and animal remains. Its composition changes constantly, and 
a number of nitrate, phosphate, oxalate, and urate minerals are pro- 
duced, many of which are removed shortly after their formation 
through leaching and bacterial action, and only the sparingly soluble 
constituents remain in the guano beds. Calcium phosphates often 
become enriched in guano by these processes. The minerals found in 
guano include, among others, the phosphates monetite, CaH[P0 4 ], 
and other acid calcium phosphates; struvite, (NH 4 )Mg[P0 4 ] • 6H 2 0 ; 
stercorite, (NH 4 )NaH[P0 4 ] -8H 2 0; and the oxalate oxammite, 
(NH 4 )2[C 2 0 4 ] *2 HoO. No older than Recent guano deposits are found 
in the geological column. Sometimes limestones and even igneous 
rocks are phosphatized by percolations from guano deposits. 

The quantitative cycle of phosphorus wms discussed by Gold- 
schmidt (1922), who pointed out that all phosphorus liberated during 
weathering should be contained in sea water and in sediments. When 
the Earth as a whole is considered, it appears that the proportion of 
phosphorus present in the phosphate sediments must be rather small. 
The phosphorus found in the biosphere does not suffice to fill the 
deficit, and therefore Goldschmidt suggested that the deep ocean 
w T aters are enriched in phosphorus and consequently represent a blind 
alley in the cycle of this element, being unable to sustain life and dis- 
playing a lack of circulation. 
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ORES OE PHOSPHORUS 

The phosphate concretions mentioned in the previous paragraph 
often are abundant constituents of sediments and sedimentary rocks 
ranging from Cambrian to Pleistocene, They grade frequently into 
continuous phosphorite beds, which are used as ores of phosphorus. 
The beds are never pure; their phosphate content may be 35 per cent 
or more. The best-known phosphorite deposits occur In England, 
Russia, Tunis and Algiers in Africa, and Idaho, Tennessee, and 
Florida in the United States. Guano deposits also have Importance as 
sources of phosphate. Along with the sedimentogenic phosphorites, 
apatite forms an important source of phosphorus. Apatite is obtained 
from magmatic iron ores (e.g., Kiirunavaara in northern Sweden), 
gabbro pegmatites (southern Norway), nepheline syenite pegmatites 
(Chibina Tundra in Kola Peninsula, Russia), and contact metamor- 
phic limestones (Canada). 
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CHAPTER 25 


VANADIUM 


ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 


V ANADIUM is one of the more abundant trace elements. Its 
abundance values in iron meteorites, silicate meteorites, and 
igneous rocks are presented in Table 25.1. 

Table 4.1 shows that vanadium is rather strongly concentrated in 
pig iron in ore-smelting furnaces. In the separated sulfides its con- 
centration is low, but in the silicate slag noteworthy quantities of 
vanadium are present. The same rule is valid for the meteorites. 
Table 4.2 shows that vanadium is strongly concentrated in the sili- 
cate phase. In the troilite phase of the iron meteorites, however, 


TABLE 25.1 

Abundance of Vanadium 

v 

Material (g/ton) 

Iron meteorites (Noddack and Noddack, 19S0) 6 

Silicate meteorites (Goldschmidt and Bauer; in Gold- 
schmidt, 19376) 50 

Igneous rocks (Goldschmidt, 19376) 150 

Igneous rocks, average, Dutch East Indies (van Tongeren, 

1938) 163 

Igneous rocks, average (Lundegirdh, 1946) 315 


vanadium is concentrated in relation to the iron phase. The relative 
concentration of vanadium in terrestrial igneous rocks is still higher. 
These facts show that the general geochemical character of vanadium 
is pronouncedly lithophile, although not without a relatively distinct 
siderophile tendency, as pointed out by Leutwein (1941). Nothing 
suggests the chalcophile tendency of terrestrial vanadium, but it has 
distinct biophile trends. Vanadium is a notable constituent of the 
solar atmosphere. 

Vanadium is a member of the iron family (Goldschmidt, 1929) or 
the ferrides (Landergren, 1943). 


VANADIUM IN IGNEOUS ROCKS 

In the upper lithosphere, vanadium is oxyphile. The behavior of 
vanadium in igneous rocks is largely governed by the fact that it oc- 
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curs in three stable oxidation states in igneous surroundings, viz., 
as tri-, quadri-, and quinquevalent vanadium. All these, particularly 
V 5 A show a tendency to form complexes with oxygen and partly also 
with sulfur. These facts account for the relatively large number of 
vanadium minerals in general and for the extensive possibilities of 
diadochic substitution of various elements by vanadium in mineral 
structures. 

Owing to its position in the Periodic System, vanadium resembles 
its neighbors, phosphorus and titanium, in its manner of occurrence, 
but notable differences also exist between the three elements in this 
respect. Vanadium is characteristic neither of the early magmatic 
pyrrhotite-pentlandite assemblages nor of late magmatic sulfides. 
According to Noddack and Noddack (1931a), the vanadium content 
of primary magmatic sulfides is 40 g/ton. The vanadium sulfide 
patronite, VS 4 (?), with up to 24 per cent V, and the complex copper 
sulfovanadate sulvanite, Cu 3 VS 4 , are found in Nature, but they are 
rare and probably of secondary origin. On the other hand, vanadium 
is often strongly enriched in titaniferous iron ores, which represent 
the early-separated oxides. Vanadium, as a matter of fact, was dis- 
covered, in 1830, by N. G. Sefstrom, the Swedish chemist, in iron 
made of titaniferous iron ore. Like titanium and phosphorus, vanadi- 
um also tends to become concentrated in basic rocks, particularly in 
the basic segregations of gabbroic magmas, but no definite relation- 
ships exist between vanadium and phosphorus. Landergren (1948) 
reports 1,400 g/ton V in titaniferous and apatite-bearing iron ores 
of Sweden, whereas the content found by him in other iron ores of 
metamorphic rocks is only from 13 to 85 g/ton V. 

The highest vanadium content in igneous rocks is found in those 
formed during the initial steps of the main stage of crystallization. 
The content of vanadium in igneous rocks is presented in Table 25.2. 

In igneous rocks vanadium usually does not form independent min- 
erals but is concealed in the structures of other minerals. The only ex- 
ception is ardennite Mn 4 (MnAl 5 )[(OH) 2 1 (V,As)0 4 • (Si0 4 ) 3 ] *2H 2 0, 
a rare member of the epidote-zoisite group. Tri-, quadri-, and 
quinquepositive vanadium ions occur in minerals of igneous rocks; 
their radii are 0.65, 0.61, and approximately 0.4 kX, respectively. 
Bivalent vanadium is a strong oxidizing agent; the radius of V 2_f is 
unknown. According to Leutwein (1941), the radius of V 5+ should be 
around 0.5 kX. The size of the V 3+ ion is close to that of the Fe s+ ion 
(radius 0.67 kX), but the diadochic replacement in this case, accord- 
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ing to Leutwein, is not very probable. The reason is that the trivalent 
vanadium is a comparatively strong reducing agent, which, if pres- 
ent, would reduce ferric iron to the ferrous state. This is also shown 
by the redox potentials of the ions in question (Scerbina, 1939). The 
quadrivalent vanadium, on the other hand, is more plentiful in ig- 
neous rocks and readily replaces Ti 4+ (radius 0.64 kX), Fe 3+ , and 
probably also Al 3+ (radius 0.57 kX). Quinquevalent vanadium is 
present in sediments and sedimentary rocks, in which the redox po- 
tential is higher than in igneous rocks. It replaces aluminum, prefer- 
ably in clay minerals. 

According to Ramdohr (1940), vanadium is largely found in mag- 
netite when present in igneous rocks. On the other hand, Lebedev 


TABLE 25.2 

Context of Vanadium in Igneous Rocks 

v 

Rock tg/ton) 

Basement Complex of southern Lapland (Saliama, 19455) : 

Ultrabasics 17 

Gabbros and dolerites 56 

Granites . . 17 

Syenites . . 34 

Granites and granodiorites (Leutwein, 1941) 1-20 

Basic igneous rocks, central Roslagen, Sweden (Lunde- 

gardh, 1946) 320 

Acidic igneous rocks, central Roslagen, Sweden (Lunde- 
gardh, 1946) 30 


and Lebedev (1934) concluded that it is primarily concealed in il- 
menite rather than in silicate minerals, but, according to Leutwein 
(1941), such is not the case; the titanian magnetites, on the other 
hand, are rich in vanadium and reportedly contain up to 0.41 per 
cent V. According to Landergren (1948), common magnetite may 
contain as much as 0.23 per cent V. Along with titanian magnetite, 
other titanium minerals of igneous rocks also contain vanadium in 
their structures, evidently as V 4+ ions, replacing Ti 4+ . Vanadium 
occurs in sphene and rutile; Leutwein (1941) reports about 0.5 per 
cent V in rutile. It should be noticed that V0 2 crystallizes in the 
rutile type. 

In apatite, V 5+ may replace P 5+ (radius 0.35 kX). This explains the 
concentration of vanadium in the apatite-rich iron ores observed by 
Landergren (1948). Only in these ores and in the titaniferous iron 
ores does the content of vanadium correspond to that found in 
marine iron-bearing sediments. 
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The feldspars, which are the most important rock-making silicate 
minerals of igneous rocks, are nearly entirely devoid of vanadium. 
The dark constituents — pyroxenes, amphiboles, micas, etc. — on the 
other hand, almost always carry some vanadium as V :_ and V s * ions, 
which replace Fe 3+ and Al 3+ . Augite and hornblende contain up to 
680 g/ton V. Oftedal (19396) found 3,080 g/'ton V in phlogopite, and 
Bray (19426) reported up to 1,000 and 640 g/ton V in granite biotites 
and museovites, respectively. The distribution of vanadium among 
the femie and salic minerals of igneous rocks is illustrated by Bray’s 
(1942a) analyses of minerals of a biotite monzonite: 670 g ton V in 
biotite and 7 g/ton in plagioclase. 

Like phosphorus and arsenic, the quinquevalent vanadium has a 
pronounced tendency to form [V0 4 ] tetrahedra in mineral structures. 
These complex anions are analogous to the complex [POJ and [As0 4 ] 
anion tetrahedra. 

So far, nothing is known about the possibilities of migration and 
concentration of vanadium as volatile compounds and in hydrother- 
mal solutions. In hydrothermal assemblages, vanadium is known 
only as an accessory constituent of uraninites in the Ni-Co-U veins, 
the maximum content being 500 g/ton V (Leutwein, 1941) . 

VANADIUM MINERALS OF SECONDARY ORIGIN 

Although no independent vanadium minerals are found in igneous 
rocks, vanadium may become strongly enough concentrated in sedi- 
ments and sedimentary rocks to cause the occurrence of a number of 
independent minerals. In these surroundings the redox potential is 
higher than in igneous rocks, and therefore the minerals in question 
are vanadates. Geochemically, they are comparatively rare, and 
most of them are nothing but mineralogical curiosities because the 
conditions ruling their formation are met only seldom in Nature. 
Vanadium found in these minerals comes from vanadium-rich 
ground waters or from thermal waters. The chief metals found in 
these vanadates are calcium, manganese, (ferric) iron, uranium, 
lead, copper, and zinc. Bismuth also occurs as their constituent. 
These minerals are often accompanied by compounds of phosphorus, 
arsenic, and uranium. They are either simple vanadates, e.g., 
pucherite, BijVOJ, and steigerite, A1[V0 4 ] -3H 2 0, or complex vana- 
dates, such as descloizite, Pb(Zn,Cu)[OH| V0 4 ] (with 20-22 per cent 
V 2 0 5 ) ; hewettite and metahewettite, CaEyVsOnLSHoO; vanadinite, 
Pb 5 [Cl| (VCDs] (with 8-21 per cent V 2 0 3 , isomorphic with apatite 
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and a member of the apatite group); carnotite, approximately 
KjTJ0 2 1 V0 4 ] -1JH 2 0 (contains about 21 per cent V 2 0 5 ) ; tyuyamu- 
nite, Ca[U0 2 1 VOJ 2 -4H 2 0; and roscoelite, the vanadoan muscovite, 
in which x\l 3+ is diadochically replaced by V 5+ in octahedral co-ordi- 
nation (Wells and Brannock, 1946). Roscoelite is the high- vanadium 
end-member in the series in which muscovite is the aluminian end- 
member. 

Carnotite and tyuyamunite are members of the uranite group (see 
chap. 30). 

VANADIUM IN THE BIOSPHERE 

Vanadium is found in numerous plants, which take it up from soil, 
where its content is 20-1,000 g/ton V (Mitchell, 1944). B^gvad and 
Nielsen (1945) report contents varying from 2.7 to 7 g/ton V in 
Danish brown coals. Vanadium is also enriched in coal ashes: some 
coals from Argentina contain up to 21.4 per cent V in their ashes. Like 
molybdenum and tungsten, vanadium promotes the assimilation of 
nitrogen by soil micro-organisms. However, so far it cannot be stated 
wiiether or not vanadium is essential to organisms. 

Vanadium is a frequent microconstituent of terrestrial animals, 
and it may promote the oxidation of lipides in them. Certain marine 
organisms are knowm which are able to collect exceptionally high 
amounts of vanadium from sea water. Some holothurians (e.g., 
Stickopus Moebii) and ascidians contain vanadium in their blood. The 
blood of the ascidians contains 10 per cent V in a 3 per cent solution 
of sulfuric acid, and the content in the blood of the holothurians is 
10.4 per cent V. Vanadium is a characteristic constituent of the 
blood of both these classes of animals. However, contrary to previ- 
ous belief, it has no role as a respiratory pigment. When the vanadi- 
um-bearing organisms perish, vanadium may accumulate in the bot- 
tom mud, but the role of animals in concentrating vanadium in sedi- 
ments must be negligible because their vanadium content is very 
low. 

Vanadium is also present in petroleum. A Persian crude oil is re- 
ported to contain as much as 2.82 per cent V. The vanadium content 
increases during the oxidation of the unsaturated petroleum hydro- 
carbons and their contemporaneous condensation and polymeriza- 
tion, whereby asphalt is finally produced. The maximum content in 
asphalt ashes is 43.4 per cent V. Shungite, the pre-Cambrian “car- 
bonized” hydrocarbon from eastern Pennoscandia, contains up to 
670 g/ton V in its ashes (Rankama, 1948a). As emphasized by Gold- 
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schmidt (1937a), vanadium is an effective catalyst in the industrial 
synthesis of hydrocarbons, and it may also be active in Xature in 
facilitating the reactions between hydrogen sulfide and organic sub- 
stances. As in the case of nickel and molybdenum, so in the case of 
vanadium, valence forces and other special atomic properties control 
the association of the metals and the hydrocarbons. In the hydro- 
carbons these metals are present as organometallic compounds which 
are able to migrate with the hydrocarbons. A number of porphyrin 
complexes of vanadium have been found in petroleum, asphalt, and 
bituminous rocks. They are stable against chemical and physical 
agents and consequently prevent the removal of vanadium from 
these rocks. 

Bader’s (1937) averages of vanadium contents of bioliths are re- 
produced in Table 25.3. These values show that vanadium becomes 
partially mobilized during metamorphism. 

TABLE 25 3 

Content of Vanadium in Bioliths 


v 

Material (g t ton) 

Asphalt, average 5,400 

Bituminous phosphates, average 1 , 600 

Coal, average 900 

Graphite, average 200 


CYCLE OF VANADIUM 

The cycle of vanadium is characterized by the fact that its solution 
and migration take place only at a relatively high redox potential. 
The V 3 ^ ion is a cation of the hydrolyzates in Goldschmidt’s classifi- 
cation (see chap. 5), but it is readily oxidized to Y 5 v which shows a 
tendency to form anion complexes. The biophile properties of vana- 
dium also affect its cycle. 

During the weathering of igneous rocks much vanadium is incor- 
porated in the clay minerals formed. It remains therein as long as its 
host minerals are unchanged, still under the first stages of diagenetic 
and metamorphic processes. Therefore, the weathering solutions in 
a humid climate are poor in vanadium. A little vanadium seems to 
be extracted from the clay minerals by humic solutions. Vanadium 
is present in mineral waters, but it might be largely of juvenile origin 
in them. In arid regions, however, vanadium is concentrated in the 
aluminum hydroxide, being thus released during the decomposition 
of clay minerals. Quinque valent vanadium is easily mobilized, and if 
heavy metals are present in ground waters and weathering solutions, 
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rich, local concentrations of lead, copper, zinc, and uranium vana- 
dates may be formed, particularly in the zone of oxidation and in the 
presence of calcitic and dolomitic limestones, which make the pH 
suitable for the precipitation of the vanadates. Vanadium may also 
become adsorbed from relatively concentrated weathering solutions 
into sediments of arid regions. 

Another possibility of the concentration of vanadium in sediments 
is its transportation, mostly in low concentrations, as vanadate in 
weathering solutions, which, under reducing conditions, usually in 
the presence of hydrogen sulfide, precipitate their vanadium as V 2 S 5 
in bituminous shales, asphalts, and similar rocks. 

The content of vanadium in sediments and sedimentary rocks is 
illustrated by the analyses presented in Table 25.4. 

In sea water, at least in the oxygen-rich upper layers, vanadium 
is present in the quinquevalent state. This vanadium is incorporated 
and partly concentrated in hydrolyzates and oxidates, whereas the 
precipitates and evaporates are notably devoid of vanadium. Phos- 
phate sediments are also low in vanadium, and no quantitative rela- 
tionship exists between the phosphorus and the vanadium content of 
sediments, contrary to previous belief (Jost, 1932). In sandstones the 
vanadium content is higher, the more argillaceous material is incor- 
porated. If feldspar is present (proving the lack of chemical weath- 
ering), the vanadium content of sandstones, according to Jost, is 
very low. 

Jost (1932) established the presence of regional differences in the 
vanadium content of limestones. Bituminous limestones are higher 
in vanadium than are other types. As a rule, the calcitic and dolo- 
mitic limestones are decidedly poorer in vanadium than are the hy- 
drolvzate sediments. In glauconite-bearing sediments and in oxidates 
the vanadium content is higher than the average in the hydrolyzates. 
According to Palmqvist (1935), the content of vanadium in pure 
siderite is considerably lower than in siderite sediments containing 
iron silicates. In like manner in calcium carbonate- and iron carbon- 
ate-bearing marine iron ores the vanadium content decreases as the 
content of carbonate minerals increases. 

The vanadium content of sedimentary iron ores often exceeds the 
vanadium average of hydrolyzates. According to Landergren (1948), 
oolite and laterite ores contain more vanadium than the upper litho- 
sphere does, on an average. However, bauxites derived from acidic 
igneous rocks show a deficiency in vanadium, whereas those derived 
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from basic igneous rocks, on an average, are a little higher in vana- 
dium than are their parent-rocks. Laterites and bauxites adsorb 
anions, whereas cations are principally taken up by clays, in which 
the presence of silica causes an excess of negative charge. It is prob- 
able that vanadium is adsorbed by laterites and bauxites in the form 
of the vanadate ion, whereas in clays it occurs as a cation in the clay 
minerals, as in roscoelite. Vanadium may partly become introduced 
into laterites and bauxites along with iron in weathering solutions. 

Clays and shales containing organic matter are regularly higher in 
vanadium than are those devoid of such matter. The origin of the 
organic material, whether humic, coaly, or bituminous, does not 

TABLE 25.4 

Content of Vanadium in Sediments and Sedimentary Rocks 


v 

Rock (g/ton) 

Sandstones, average (Jost, 1932) 20 

Clays and shales, average (Jost, 1932) 120 

Calcit ic and dolomitic limestones, average (Jost, 1932) < 10 

Bauxite, average (Jost, 1932) 600 

Phosphorite and guano (Jost, 1932) <10 

Sandstones, rich in iron oxide (Jost, 1932) ... . up to 500 

Greensand (Jost, 1932) 220 

Bituminous schist (Lundegardh, 1946) 1 , 000 

Glauconite (Palmqvist, 1935) 6S 

Oolitic and siliceous iron ores, average (Landergren, 

1948) 500 

Siderite ores, average (Landergren, 1948) 70 

Bog iron ores, average (Landergren, 1948) <10 

Laterite and bauxite ores, average (Landergren, 1948) 400 


make any difference in this respect. A high content of vanadium is 
also present in the more or less metamorphosed derivatives of these 
sediments. The original sediments, e.g., muds, are usually highly re- 
ducing, and therefore in them vanadium is reduced to a lower state 
of oxidation, being frequently precipitated as sulfide, V2S59 which is 
sparingly soluble. Bacteria may often be helpful in this process, 
winch results in the separation of vanadium from iron and the other 
ferrides. Vanadium salts may also be precipitated in the presence of 
limestone. 

Although Jost ( 1932 ) found that the content of vanadium in 
bituminous sediments increases with the content of bitumen, this 
observation was not confirmed by Assarsson ( 1941 ), who stated that 
the content of vanadium (up to 2,600 g/ton) and of molybdenum and 
tungsten in Swedish alum shales is not proportional to the content of 
organic matter. He suggested that these metals are probably com- 
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bined with sulfur. In like manner, B^gvad and Nielsen (1945) found 
no proportionality between the vanadium content of alum shales and 
their content of organic matter. In addition, the sulfides found in 
these rocks were totally devoid of vanadium. According to these ob- 
servations, it is evident that vanadium in bituminous shales occurs 
as porphyrin complexes. As emphasized by Bader (1937), the vanadi- 
um content of bioliths depends both on their porphyrin content and 
on the content of vanadium in weathering and other solutions; the 
weathering solutions are rich in vanadium, particularly under arid 
conditions. According to Bader, the formation of bioliths rich in 
vanadium starts with the precipitation of vanadium derived from 
weathering solutions as V 2 S 5 and is followed by the formation of or- 
ganic vanadium complexes, particularly porphyrin complexes. 

TABLE 25 5 

Context of Vanadium in Metamobphic Rocks 


v 

Rock (g/ton) 

Ortliogneisses (Leutwein, 1939) 5 

Paragneisses (Leutwein, 1939) 20-70 

Quartzites, southern Lapland (Sahama, 19456) 5.6-34 

Aluminuni-rich schists, southern Lapland (Sahama, 

19456) 34-5 G 

Carbonate rocks, southern Lapland (Sahama, 19456) . . 17 


VANADIUM IN METAMOBPHIC ROCKS 
According to Leutwein (1941), vanadium becomes partly mobi- 
lized in strong metamorphie processes (see also Table 25.3). However, 
the original character of the metamorphie rocks is still clearly shown 
by their vanadium content. Table 2 5.5 presents the vanadium con- 
tent in a number of metamorphie rocks. According to Leutwein 
(1939), the difference in the vanadium content of ortho- and para- 
gneisses may be used to establish the igneous or sedimentary origin 
of gneisses. 

ORES OF VANADIUM 

No independent vanadium-ore bodies are found in igneous rocks 
because vanadium is scarce and does not form independent minerals 
during the differentiation. However, iron oxide ores contain vanadi- 
um as an accessory constituent, the highest contents being present 
in magnetite and titanian magnetite (average content < 0.2 per 
cent V) . Vanadium may occur in the vanadiferous magnetite-ilmen- 
ite deposits as vanadian magnetite (coulsonite) with as much as 
nearly 5 per cent V. Oxide ores of iron may therefore be used as in- 
dustrial sources of vanadium. The metal is recovered as a by-product 
during the metallurgical treatment of the ores. The most important 
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vanadium ores are of sedimentary origin. A relatively high redox 
potential is essential for their formation. Sedimentary iron ores ^oxi- 
dates) form the most important vanadium deposits. The xninette ores 
contain up to 0.1 per cent V, and some ores at Krivorog in Russia 
contain as much as 0.5 per cent V (Leutwein, 1941). Patronite occurs 
at Minas Ragra in Peru. Lead, copper, and zinc vanadates are found 
in the Otavi area in southwestern Africa and at Broken Hill in north- 
ern Rhodesia. Carnotite and roscoelite occur in sandstones in Colo- 
rado and Utah in the United States, and tyuyamunite is found in 
Russian Turkestan. 

Patronite occurs only at Minas Ragra. The deposit may have been 
formed through a natural distillation of petroleum hydrocarbons or 
through concentration of vanadium from vanadium-rich surface 
waters. Along wdth patronite, there occur hewettite and other calcium 
vanadates and the sulfate minasragrite, VU[(OH) 2 | (S0 4 )s] *15H 2 0, 
in the oxidation zone of the deposit. According to Jost (1932), 
a plausible explanation of the origin of these deposits and of the as- 
sociation of vanadium with petroleum and asphalt in general is that 
vanadium sulfide, V 2 S 5 , is formed when vanadate-bearing ground 
waters are brought into contact wdth hydrogen sulfide-bearing oils. 
The colloidal vanadium sulfide migrates wdth the oil and is finally 
precipitated by the action of carbon dioxide. The oil is oxidized into 
asphalt by atmospheric oxygen, and the vanadium sulfide acts as a 
catalyst in this process. 

Vanadate minerals, such as carnotite, are disseminated in sand- 
stones in southwestern United States, particularly in Colorado and 
Utah. The mineralization is most intense near shaly seams and clay 
galls in the sandstones. The actual cause of the concentration of 
vanadium in these deposits is still unknown. It has been suggested 
that some lower organisms might have been instrumental in concen- 
trating vanadium, copper, uranium, silver, and selenium in these de- 
posits. Another explanation is that soluble sulfates of these metals 
were present in ground and surface w r aters which were brought into 
contact with organic material. Sulfides of the metals w T ere subse- 
quently precipitated, and they w T ere later oxidized under the forma- 
tion of vanadates. Carnotite seems to be invariably associated wdth 
plant remains in these deposits. Along with carnotite, the deposits 
contain roscoelite, metahewettite, and other vanadates of calcium, 
copper, and uranium. Chromium, barium, molybdenum, and arsenic 
are also present in the deposits. The carnotite-roscoelite ores contain 
2-3.5 per cent V. 
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COLUMBIUM, TANTALUM 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

C OLUMBIUM and tantalum form geochemically a rather coher- 
ent pair of elements. This fact is made evident by the difficulty 
of the separation of the two metals from each other during the course 
of chemical analysis. Owing to the lanthanide contraction, their ionic 
sizes are practically identical (r^ — 0-69 kX; r Ta5 + = 0.68 kX). 
Along with their chemical similarity and the similarity of their ionic 
charges and ionic types, this property causes them to occur common- 
ly together in Nature, in analogy to the pair zirconium -hafnium and 
to the rare-earth metals. Rocks and minerals comparatively high in 
one are usually high in the other as well. How T ever, in spite of the high 
degree of their chemical and geochemical similarity, columbium and 
tantalum are comparatively readily separated from each other in 
Nature and consequently are less coherent than the elements men- 
tioned. 

The average content of columbium and tantalum in igneous rocks 
is, according to Rankama ( 1944 , 1948 c ), 24 g, ton Cb and 2.1 g/ ton 
Ta. The average abundance ratio Cb :Ta is thus 11 . 4 , but in some 
instances the normally less abundant metal of the pair may pre- 
dominate in rocks and minerals. 

Notwithstanding the chemical similarity between these metals and 
vanadium, which is due to their positions in the Periodic System, 
their manner of occurrence differs rather pronouncedly from that of 
vanadium. 

There are no columbium and tantalum determinations to show the 
content of these elements in the sulfide phase of the meteorites, but 
the low quantities present in the silicate and metal phases and in 
terrestrial sulfides suggest that the content must be negligible. 
The sulfide minerals either are totally devoid of columbium and 
tantalum or carry only traces of the two metals, a fact which illus- 
trates their strongly oxyphile character in the upper lithosphere. 
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Rankama (1944, 1948c) found the contents in meteoritic matter 
given in the accompanying tabulation. 



Cb 

i 

Ta j 

1 

Cb Ta 

g/ton 

Silicate meteorites 

Meteoritic irons . 

0 50 

0 20 

00 o 

GO O 

o o 

1 3 
| 33 


Both columbium and tantalum are purely and typically lithophile 
elements, as is evident from all available information regarding their 
geochemical character. In the Earth they are strongly enriched in the 
uppermost part of the lithosphere. Outside the Earth columbium has 
been detected in the Sun’s atmosphere, and also tantalum is probably 
present therein. 

COLUMBIUM AND TANTALUM IN IGNEOUS ROCKS 

The average content of columbium and tantalum in the various 
groups of igneous rocks is presented in Table 26.1, which is based on 
values given by Rankama (1944, 1948c). The values in parentheses 
are the averages reported for columbium by Goldschmidt (1937a). 
The columbium and tantalum averages for diorites given by Ran- 
kama are evidently too low. 

Table 26.1 affirms quantitatively the fact well known to mineralo- 
gists that columbium and tantalum are concentrated in late crvstal- 
lates during the magmatic differentiation. This concentration is very 
pronounced in granites, and tantalum shows a maximum in these 
rocks. Columbium, although concentrated in granites, differs clearly 
from tantalum, and its highest contents are reached in syenites and 
nepheline syenites. The values presented in this table show distinctly 
that the columbium and tantalum content in basic and ultrabasic 
rocks is low as compared with the quantities met in granites. Conse- 
quently, the behavior of these metals during magmatic differentia- 
tion is not similar to that of vanadium. However, remarkably much 
columbium is present in ultrabasic rocks, evidently a consequence of 
their high titanium content and of the resulting replacement of CaTi 
by NaCb, whereby columbium is removed from the magma at a 
comparatively early stage (Niggli, 1932). 

In normal igneous rocks of the calc-alkalic series the content of 
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columbium and tantalum is too low to cause the formation of their 
independent minerals, and hence they, like vanadium, are concealed 
in the structures of other minerals. According to Goldschmidt 
(19376), the content of columbium in many rocks is roughly propor- 
tional to the zirconium content, the Cb:Zr ratio being 1 : 10 . Gold- 
schmidt suggests that in silicate melts columbium forms complex ions 
containing oxygen or hydroxyl groups. Such ions, similar to those 
formed by zirconium, should be able to remain for a comparatively 
long time in the residual melt. 

In structures of rock-making minerals, vanadium replaces mainly 
Fe 3+ , but also Fe 2+ and Mg 2+ and other cations. In spite of the simi- 

TABLE 26.1 

Average Cb and Ta Content and Cb:Ta Ratio 
in Igneous Rocks 


Rock 

Cb 

Ta 

Cb:Ta 

g/ ton 

Monomineralic rocks 

0.3 

0 7 

0 4 

Ultrabasic rocks 

16 

1 0 

16 0 

Eclogites 

3 

0.7 

4 3 

Gabbros. . . . . . 

19 (7) 

1.1 

17 3 

Diorites 

3.6 (20) 

0 7 

5 1 

Granites . . . . 

20 (30) 

4 2 

4 8 

Syenites . .... 

30 

2 0 

15 0 

Nepheline syenites 

310 (100) 

0 8 

3S7 5 

Basic alkalic rocks 

10 

1 2 

8 3 


larity of the ionic sizes, columbium and tantalum do not replace fer- 
ric iron in minerals to any considerable degree but preferably substi- 
tute for titanium, which closely corresponds to them in its ionic size 
(r Ti3 + — 0.69 kX; r Tl 4 + = 0.64 kX). Both columbium and tantalum 
are enriched in independent titanium minerals. Sphene and perov- 
skite may contain up to several per cent Cb^Oa, and a maximum of 
0.1 per cent Ta 2 0 5 is reported in sphene. The earth-acid elements are 
also concentrated in rutile and in biotite and other titanium-bearing 
silicate minerals. However, the early magmatic titaniferous iron ores 
show a decided impoverishment of columbium and tantalum in rela- 
tion to titanium. In like manner the columbium and tantalum con- 
tent in other high-temperature titanium minerals is rather low. Along 
with the diadochic substitution of titanium by columbium and tan- 
talum the diadochy Zr-Cb and Zr-Ta is of geochemical importance. 
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Columbium and tantalum are commonly found in zircon in concen- 
trations up to 2 per cent Cb 2 0 5 and 0.4 per cent Ta 2 0 5 . Other zirconif- 
erous minerals, like wohlerite, as trophy Hite, eudialite, eucolite, and 
catapleite, may contain noteworthy amounts of the two elements. 
A maximum of more than 5 per cent Cb 2 0 5 has been met in wohlerite. 
Because of its w r ide distribution as an accessory constituent of igne- 
ous rocks, zircon is evidently one of the important carriers of colum- 
bium and tantalum. Hence it follows that columbium and tantalum 
are true satellites of both titanium and zirconium. Small amounts of 
the earth-acid elements may replace chromium and manganese in 
their independent minerals. 

The most dominant and typical feature of the geochemistry of 
columbium and tantalum is their pronounced concentration in peg- 
matites. In granite and nepheline syenite pegmatites these metals are 
often enriched enough to cause the formation of a number of inde- 
pendent minerals, characterizing the pegmatites in question. Both 
columbium and tantalum are elements characteristic of granite peg- 
matites, whereas columbium clearly predominates in nepheline 
syenite pegmatites. In spite of their close chemical and geochemical 
similarity, the earth-acid metals are frequently separated from each 
other in the pegmatites, although the reason often may be found 
in their original abundance relationships. Some pegmatites, e.g., in 
Nigeria, are known to carry nearly exclusively columbium and only 
small amounts of tantalum, whereas in other instances the case is 
just the reverse, and tantalum predominates, as in the western 
Australian tantalite pegmatites. In the pegmatites the two metals 
often occur closely connected with the rare-earth metals. Many of 
the most characteristic rare-earth minerals are columbates and 
tantalates, which usually also contain titanium and zirconium. When 
present in pegmatites, antimony and bismuth are sometimes con- 
nected with the earth-acid elements. The most important columbates 
and tantalates found in pegmatites include the minerals listed in 
Table 26.2. 

Columbite andtantalite are the most widespread and abundant of 
these minerals. Pure columbite contains 82.7 per cent Cb 2 0 5 , and 
tantalite contains 86.1 per cent Ta 2 0 5 . All the species listed in Table 
26.2 are chemically rather complicated, and their composition is 
variable. Often their crystal structures have disintegrated. Mossite 
and tapiolite are isomorphic with cassiterite, Sn0 2 , and form a con- 
tinuous series of mixtures with this mineral. Dysanalite is isomorphic 
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with perovskite, CaTi0 3 , as is pyrochlore; but in the pyrochlore- 
perovskite series the miscibility is limited. The minerals listed in the 
first five groups of Table 26.2 are, in crystal chemical respects, 
grouped among the oxides. Eergusonite, on the other hand, is struc- 
turally related to scheelite. As a matter of fact, scheelite may contain 
traces of columbium ; and both columbium and tantalum usually oc- 
cur in wolframite and also in cassiterite. According to Goldschmidt 

TABLE 26.2 

bium and Tantalum Minerals 
Found in Pegmatites 

PEROVSKITE GROUP 

(Ca,Ce,Na, . . .) (Ti,Fe,Cb)0 3 

PYROCHLORE GROUP 

(Ca,Na) s CbA(F,OH,0) 

(Ca,Na) 2 TaA(0,OH,F) 

RUTILE-MOSSITE GROUP 

(Fe,Mn)(Cb,Ta)A 
(Fe,Mn)(Ta,Cb)A 

BROOKITE-COLUMBITE GROUP 

(Fe,Mn)(Cb,Ta)A 
(Fe,Mn)(Ta,Cb)A 

EUXENITE-BLOMST5UNDITE GROUP 

Euxenite (polycrase), (Y,Er,Ce,U,Pb,Ca)[(Ti,Cb,Ta) 2 (0,0H) 6 ] 
Blomstrandite (priorite), (Y,Ce,Ca,Na,Tli s U)[(Cb,Ta,Ti)A] 

fergusonite-stibiotantalite GROUP 

Fergusonite, Y(Cb,Ta)0 4 

Stibiotantalite, SbTa0 4 

Bismutotantalite, BiTa0 4 

SAMARSKITE GROUP 

Samarskite (yttrocolumbite), (Y,Er) 4 [(Cb,Ta) 2 07]3 
Yttrotantalite, YJTaoOrls 

Simpsonite, AloTa 2 Os 

and Peters (19316), the columbium and tantalum content of wolf- 
ramite and cassiterite is due to the presence of scandium and iron 
columbates and tantalates, viz., ScCb0 4 , FeCbo0 6 , and the corre- 
sponding tantalum compounds in these minerals. In spite of the dif- 
ferences in the chemical composition, samarskite and yttrotantalite 
might structurally resemble fergusonite. In some rare silicate miner- 
als found in pegmatites, columbium and tantalum, in addition, oc- 
cur as cations outside the silicon-oxygen framework. Epistolite, 
(Na,Ca)(Cb,Ti,Mg,Fe,Mn) [OH | Si0 4 ], and steenstrupine, probably 
(Na,Ca) 3 CaCe(Cb,Ta)[(OH,F) | (Si,P)0 4 ] 3 , are examples of such 
minerals. 

Actually, the independent columbium and tantalum minerals 
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Dysanalite, 

Pyrochlore, 

Microlite, 

Mossite, 

Tapiolite, 


Columbite (niobite), 
Tantalite, 



COLUMBIUM, TANTALUM 

(columbates and tantalates) found in pegmatites are double oxides. 
No silicates are known which contain the earth-acid elements as 
major constituents. The reluctance of these metals to enter silicates 
is probably due to the fact that the Cb 5 + and Ta 5 ~ ions, like other 
quinque valent and many trivalent cations, cannot form electrically 
neutralized structures of sufficient stability. 

A small part of columbium and tantalum which is not separated 
during the pegmatitic stage of crystallization is enriched in pneuma- 
toiytic formations, e.g., in greisen, and crystallizes as columbates and 
tantalates, preferably with tin and tungsten, but sometimes also with 
uranium. 

CYCLE OF COLUMBIUM AND TANTALUM 

During the exogenic differentiation a large proportion of colmn- 
bium and tantalum is accumulated in the hydrolyzate sediments at 
a comparatively early stage. This is due to the fact that the salts of 
these elements, which may be liberated during the weathering and 
be transported in the weathering solutions, are readily hydrolyzed. 
Such solutions carry columbium and tantalum probably as soluble 
alkali columbates and tantalates, and they deposit the two metals 
in clays. The content of the earth-acid metals in hydrolyzate sedi- 
ments may be considerable: the Baltic clays are reported by Ran- 
kama (1944, 1948c) to contain as much columbium and tantalum as 
do granitic rocks, on an average. The highest columbium and tan- 
talum contents among hydrolyzates are found in bauxites, laterites 
and kaolin (up to 0.07 per cent Cb 2 0 5 and 0.01 per cent Ta 2 0 5 in 
kaolin). Some columbium and tantalum is always present in the 
resistates because many of their independent minerals and other 
minerals accommodating them, for example, zircon, are stable 
against both mechanical and chemical weathering. Owing to their 
high specific gravity, the columbium and tantalum minerals are 
often enriched in placers. Such concentrates and the columbate and 
tantalate minerals found in pegmatites are used as ores of columbium 
and tantalum. 

Another part of columbium and tantalum is present in sea water, 
although their concentrations must be very low. The two elements 
are deposited in marine carbonate sediments and in some evaporates: 
anhydrite contains a trace of columbium. The columbium content of 
the deep-sea manganese nodules sometimes shows an enrichment of 
columbium several times over its average content in igneous rocks. 
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CHAPTER 27 


OXYGEN 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

O XYGEN is geochemically a decidedly lithophile element. No 
oxygen is present in the metal and sulfide phases of the meteor- 
ites. In the metal phase all the elements are present in the form of 
alloy systems. Such elements as phosphorus, carbon, and silicon, 
which are combined with oxygen when found in the lithosphere, oc- 
cur in meteoritic iron as phosphides (schreibersite), carbides (cohen- 
ite), or form solid solutions with iron. It is probable that the Earth’s 
nickel-iron core is totally devoid of oxygen, which is quantitatively 
found in the uppermost geochemical spheres. 

TABLE 27.1 

Abundance of Oxygen 


o 

(Per Cent) 


All meteorites 

32 30 

Silicate meteorites . . . 

.42 

Igneous rocks 

. . 46 42 

Hydrosphere 

86 

Atmosphere 

23 15 


Some abundance values of oxygen are presented in Table 27.1. 
Oxygen is the most abundant of all elements found in igneous rocks, 
in silicate meteorites, and in meteorites as a whole. In the Sun’s at- 
mosphere oxygen occupies the third place in abundance right after 
hydrogen and helium (see Tables 2.3 and 2.5). 

With reference to its terrestrial occurrence, oxygen is also strongly 
atmophile and, as an essential constituent of living matter, a pro- 
nouncedly biophile element. 

OXYGEN IN THE UPPER LITHOSPHERE 

In the upper lithosphere oxygen is the prototype of all oxyphile 
elements. The oxygen content of the upper lithosphere varies ac- 
cording to the composition of the constituent rocks. The oxygen con- 
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tent of the various groups of igneous rocks shown in the accompany- 
ing tabulation are obtained on the basis of the average compositions 


Bock 

0 

Per Cent 

D unite 

45 40 

Hornblendite .... 

. . 43 ot> 

Gabbro 

. 45 11 

Diorite . 

. 46.46 

Granodiorite 

. . 47 88 

Granite ... . . . . , 

. . . . 48 53 


presented by Daly (1933). These values show that in normal calc- 
alkalic rocks the oxygen content is lower in the basic rocks than in 
the acidic ones. The low oxygen content of basic rocks is of consider- 
able geochemical importance. Petrological evidence shows that or- 
thosilicates often predominate over metasilicates in igneous rocks 
formed during the earlier stages of the crystallization of a magma. 
The separation of iron and magnesium from the magma begins with 
the crystallization of olivine, (Mg,Fe) 2 [Si0 4 ], whereas the ortho- 
rhombic pyroxenes, (Mg^e^fSbQe], and other minerals do not crys- 
tallize until a later stage is reached. The orthosilicates of iron and 
magnesium contain less oxygen than do the corresponding metasili- 
cates, as the percentages in the accompanying tabulation show. 

Compound (PerCent) 

Mg >Si0 4 45 .5 

MgSi0 3 46. £ 

Fe 2 Si0 4 31. 4 

FeSiOs 36.4 

The deeper parts of the lithosphere, which correspond in chemical 
composition to gabbroic rocks, are evidently lower in oxygen than 
are the superficial parts. The value given in Table 2.3 for the average 
oxygen content of igneous rocks is 46.42 per cent. However, this oxy- 
gen does definitely not suffice to oxidize the electropositive elements 
to their highest state of oxidation, if hydrogen, for which no value is 
given in Table 2.3, is also taken into account. The inevitable result 
is that iron, in particular, is not completely oxidized to ferric iron but 
is present in rocks largely as ferrous iron, which forms, especially in 
basic rocks, ferromagnesian minerals. In like manner manganese is 
present as bivalent manganous ions, which replace ferrous iron and 
magnesium diadochically. The oxygen deficiency in the Earth is still 
more conspicuous if the deeper-lying geochemical shells are consid- 
ered together with the lithosphere. According to the abundance cal- 
culations carried out by Goldschmidt (19376), the oxygen deficiency 
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in meteorites is rather high, all their phases being considered. Such 
is also the case if only their silicate phase is taken into account. It is 
evident that the ferrous iron content of silicate meteorites is very 
high, whereas only small amounts of ferric iron are present in them. 

If the average content of oxygen in igneous rocks, 46.42 per cent 
by weight, is calculated as per cent by volume, the result is as high 
as 91.83 (Table 2.2). In the silicate phase of meteorites the oxygen 
content is 90.81 per cent by volume. The bivalent negative oxygen 
ion has a radius of 1.32 kX, whereas the radii of silicon and most of 
the cations are considerably smaller. As pointed out by Sir Lawrence 
Bragg in 1927, the unit cells of silicate minerals may be considered 
to consist essentially of oxygen anions linked together by cations. 
Therefore, the lithosphere is nothing else than an oxysphere (Gold- 
schmidt, 1928). Actually, more than nine-tenths of the space occu- 
pied by the atoms in the rocks of the upper lithosphere are filled with 
oxygen. 

The foregoing discussion shows that oxygen actually is the only 
important anion in the upper lithosphere. As emphasized by Gold- 
schmidt (1928), all other quantitatively important elements either 
occur as cations or form anion complexes with oxygen. 

OXYGEN IN THE HYDROSPHERE AND THE ATMOSPHERE 

The bulk of the terrestrial oxygen is, without doubt, present in the 
lithosphere. How r ever, a proportion of oxygen, even though not 
large, is located outside the solid crust of the Earth. This proportion 
is of very high geochemical importance. Combined with hydrogen in 
water, a part of this oxygen forms the hydrosphere, and another part 
is found in the atmosphere as one of its main constituents. Ozone and 
other oxygen compounds also found in the atmosphere w T ere dis- 
cussed in chapter 7. The amount of oxygen in these compounds is, 
geochemically speaking, negligible and may be omitted from the 
following calculations. 

The quantities of oxygen in the hydrosphere and the atmosphere, 
expressed as kilograms per square centimeter of the Earth’s surface 
are given in the accompanying tabulation. The second value is calcu- 


kg-cm~ s 

Free oxygen in the atmosphere 0 .230 

Combined oxygen in the hydrosphere 251 .1 

Dissolved oxygen in the hydrosphere 0 .002 


lated from the facts given in chapter 6; the other two are from Gold- 
schmidt (1933a). These figures show that the amount of oxygen in 
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the atmosphere is only about a thousandth part of the quantity pres- 
ent in the hydrosphere. It must also be taken into account that oxy- 
gen is one of the most important constituents of the biosphere be- 
cause it is needed for almost all processes of life. However, the 
amount of oxygen contained in the biosphere is not readily calculat- 
ed, but it can in no case match the quantity of oxygen present in the 
atmosphere. 

The atmospheric oxygen is the most active of all terrestrial oxygen. 
This element combines readily with almost all other elements to form 
oxides. Therefore, it appears rather strange that uncombined oxygen 
can be present at all in the atmosphere. One would prefer to presume 
that every trace of oxygen liberated in chemical processes would 
combine, sooner or later, with other elements, thereby reducing the 
content of oxygen in the atmosphere practically to zero. According 
to the opinion of Goldschmidt (1934, 19376), the primordial atmos- 
phere contained only very little oxygen or none at all. A proof of this 
assumption is the rarity of oxygen in volcanic gases, which often are 
entirely devoid of oxygen or contain it only in small quantities. 
Therefore, it is evident that oxygen is not an essential constituent 
of magmatic emanations. If present, it may be of a vadose origin, 
i.e., carried to the locus of volcanic activity by ground waters. 

Tammann (19246) suggested that no free oxygen was present in 
the original gaseous shell surrounding the cooling Earth. The oxygen 
found in the present-day atmosphere was formed by the thermal dis- 
sociation of water vapor to oxygen and hydrogen during the first 
stages of the geological evolution of the Earth. The hydrogen dis- 
sipated into intei'planetary space because of its high velocity of es- 
cape. A part of the liberated oxygen was consumed in the oxidation 
of the liquid silicate melt until a solid crust was formed. Tammann 
believed that this process was responsible for the generation of all 
oxygen now found in the atmosphere. The opinion of the passive en- 
richment of oxygen in the atmosphere was shared by Kuhn and Ritt- 
mann (1941; Kuhn, 1942; Rittmann, 1947). Tammann (19246) also 
showed that at high temperatures, around the melting point of 
basaltic magma, and with a high partial pressure of water vapor in 
the atmosphere — a pressure of approximately 300 atm is developed 
on the evaporation of all terrestrial water and ice — the dissociation 
of water vapor is high enough to provide for all the free oxygen now 
found in the atmosphere. Later, Poole (1941) offered the suggestion 
that the photochemical dissociation of water vapor in the strato- 
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sphere during the geological history of the Earth has caused the slow 
accumulation of oxygen in the atmosphere, which originally con- 
tained oxygen only in the form of water vapor. However, Wildt 
(19426) has shown that this process is impossible, and also, in Poole’s 
opinion, it would have produced only enough oxygen to allow the 
start of plant life; the bulk of the atmospheric oxygen -would be a 
result of photosynthesis. This is in accordance with the opinion ex- 
pressed by Goldschmidt (1934, 19376) that the atmospheric oxygen 
has been largely formed as a result of activities taking place in the 
biosphere. Therefore, it seems reasonable to assume that a suitable 
initial supply of oxygen has been formed in the atmosphere by inor- 
ganic processes and that most oxygen has been generated by a rather 
slow process, viz., the photosynthetic activity of chlorophyll-bearing 
plants (see chap. 8) wdiich has taken place during the geological his- 
tory of the Earth. All oxygen now found in the atmosphere is cer- 
tainly an accumulated by-product of the assimilation processes in 
green plants. 

The oxygen separated during the photosynthesis is expelled into 
air or water. The greatest part of the carbon assimilated by the 
plants reunites with oxygen after their death and forms carbon mon- 
oxide and dioxide, but another part is converted to peat and, in the 
course of geological time, to brown coal and coal. Therefore, there 
remains free a quantity of oxygen which corresponds to the amount 
of carbon stored in the aforementioned bioliths and thus removed 
from the cycle. Consequently, the amount of oxygen in the atmos- 
phere must at any time correspond to the amount of carbon present 
in the biosphere plus that preserved in the bioliths, according to the 
C : O ratio expressed by the formula C0 2 . Thus the amount of oxygen 
has increased during the geological evolution of the Earth until the 
present quantity was reached. The increase in the oxygen content of 
the air has evidently been one of the factors affecting the evolution 
of plants and animals from low r er to more complicated forms. 

Eskola (1939a) emphasized the fact that during the orogenic peri- 
ods in the Earth’s history the volcanic activity and the production 
of juvenile carbon dioxide attained a maximum which may have cor- 
responded to a materially increased supply of oxygen and the well- 
established increased rate of organic evolution. 

The presence of large amounts of free oxygen in the atmosphere is 
practically restricted to the Earth, as far as our Solar System is 
considered. 
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The present rate of photosynthetic activity on the Earth is capable 
of producing all the atmospheric oxygen within a few thousand years, 
thereafter maintaining the present oxygen level in the air. Therefore, 
a complete turnover of all atmospheric oxygen through photosynthe- 
sis is estimated to occur every few thousand years fKaxnen, 1946;. 

FOSSIL OXYGEN 

The discussion presented above shows that the cycle of oxygen is 
closely connected with the geochemical activity of the biosphere. The 
cycle of oxygen is also closely related to that of carbon and has been 
discussed with that element in chapter 19. When the cycle of oxygen 
is considered, the amount of free oxygen in the atmosphere must also 
be taken into account and likewise the quantity consumed in the 

TABLE 27.2 

FeO AND Fe 2 0 3 CONTENT OF IGNEOUS ROCXS AND IN 

Some of Their Weathering Products 


Material 

FesOs 
{Per Cent) 

FeO 

(Per Cent) 

SFesOs.'FeO 

Igneous rocks . 

3 08 

3 80 

0 73 

Shales.. ... 

4 03 

2 46 

1 47 

Terrigenous muds . 

5 07 

2 30 

1 9S 

Sandstones 

1 08 

0 30 

3 24 


weathering processes and thus taken from the atmosphere. As a mat- 
ter of fact, oxidation is one of the most important processes in the 
exogenic cycle. 

The principal consumer of oxygen during weathering is iron, a 
large part of which is converted from the ferrous to the ferric state. 
In like manner, bivalent manganese is oxidized to the quadrivalent 
state. Still another consumer of oxygen is sulfur. This element is 
present in igneous rocks chiefly as sulfides, which are oxidized to 
free sulfuric acid and sulfates. The oxygen required in all these oxida- 
tion phenomena is called fossil oxygen; its amount was calculated by 
Goldschmidt (1933a). 

Goldschmidt based his calculations on the content of FeO and 
Fe 2 0 3 in igneous rocks, shales, terrigenous muds, and sandstones. The 
contents are given in Table 27.2. This table shows that the atomic 
ratio of ferric iron to ferrous iron is considerably lower in igneous 
rocks than in the sediments considered. The ratio is highest in sand- 
stones (about 3.2) and lowest in shales (about 1.5) among the sedi- 
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ments and their derivatives. On the basis of Table 27.2 the amount 
of ferrous iron may be calculated which must be oxidized to ferric 
iron in igneous rocks in order that the maximum and minimum ferric 
iron to ferrous iron ratios referred to above might be obtained. In 
order to reach the ratio 1.5, 1.18 per cent FeO in igneous rocks must 
be oxidized to Fe 2 0 3 , whereas the content of 2.23 per cent FeO is re- 
quired in order to reach the ratio 3.2. The quantities of oxygen 
needed in this oxidation process are then calculated, as well as the 
amounts of oxygen necessary to convert MnO to Mn0 2 and S to S0 3 , 
the percentages being obtained in a calculation corresponding to that 
presented for iron. However, in the first case (ratio 1.5), only approx- 
imately one-third of manganese and sulfur will be considered to be- 
come oxidized, because sediments contain notable amounts of man- 
ganous manganese and sulfur as sulfides. In the second case (ratio 
3.2), the oxidation of sulfur and manganese is considered complete. 
The consumption of oxygen in all these cases is presented in 
Table 27.3. 

The grand total of igneous rocks weathered during the geological 
history of the Earth amounts to 160 kg* cm -2 . The following amount 
of oxygen is consumed during the weathering of this quantity of 
rocks; the value is calculated on the basis of those recorded in Table 
27.3, as follows: 

1. 0.253 kg*cm~ 2 oxygen is consumed, if the ratio of ferric iron to ferrous iron is 
assumed to be 1.5. 

2. 0.562 kg* cm” 2 oxygen is consumed, if the ratio is assumed to be 3.2. 

The two values indicate the amount of fossil oxygen. Owing to the 
difficulties involved in the calculation of a reliable average chemical 
composition for sediments and their derivatives, these values repre- 
sent only a maximum and a minimum. The value previously given 
for the amount of free oxygen in the atmosphere is 0.230 kg •cm”' 2 
and for the quantity of oxygen dissolved in the sea, 0.002 kg*cm~ 2 . 
It is therefore evident that the amount of fossil oxygen is considera- 
bly larger than the total amount of free oxygen in the uppermost 
geochemical spheres. From the foregoing values the grand total of 
free and fossil oxygen may be calculated to lie between 0.485 and 
0.794 kg •cm~ 2 . 

Barth (1948) has calculated the quantity of oxygen consumed in 
the upper lithosphere in the reaction 

4FeO + 0 2 -> 2Fe 2 0 3 , 

provided that all ferrous iron in minerals is available for oxidation. 
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The mass of the atmosphere is approximately 52 G g, and the amount 
of free oxygen (23.01 per cent by weight) found therein is thus about 
12 Gg. The mass of the lithosphere down to a depth of 16 km (the 
“ten-mile crust”) 1 is 190,000 Gg. The amount of FeO (3.80 per cent 
by weight) in the upper lithosphere is thus 7,220 Gg. The quantity 
of oxygen required to oxidize this amount of Fe 2 0 3 , calculated from 
the above-mentioned equation, is 804 Gg, and consequently the 
amount of free oxygen available in the atmosphere is only 1.43 per 
cent of the amount required. In other words, all atmospheric oxygen 
would suffice to oxidize iron only in 1.43 per cent of the uppermost 
crust, provided that the crust is homogeneous in composition. This 
percentage would correspond to a depth of less than 230 m, and, with 
reference to the oxidation of sulfur and manganese, the depth would 

TABLE £7.3 

Consumption of Oxygen in Some Weathering Processes 


Consumption op Oxtgen 
(Pee Cent) 


SFeiOs FeO = 1.5 

SFesOs FeO = 3.2 

1.18 per cent FeO, oxidized to Fe 2 0 3 0 131 

0 03 per cent MnO, oxidized to Mn0 2 0 008 

0 013 per cent S, oxidized to SO 3 ... 0 019 

Total consumption 0 . 158 

2 23 per cent FeO, oxidized to Fe 2 03 0 249 

0 12 per cent MnO, oxidized to MnO* 0.027 

0 05 per cent S, oxidized to SO s . ... 0 075 

Total consumption. . . . 0.351 


be still shallower. Barth considers that under geologically stable con- 
ditions a lateritization all over the Earth would readily be possible, 
and thereby the atmosphere would be stripped of all its oxygen. 

Along with its biochemical cycle, oxygen undergoes an inorganic 
cycle of equal importance (Barth, 1948). Highly oxidized sediments 
and surface rocks release their oxygen when brought to greater 
depths during orogenic movements. Oxygen returns to the Earth’s 
surface in minerals, carbon dioxide, and water. Atomic oxygen may 
be formed by the dissociation of oxides at elevated temperatures and 
high pressures. A similar conclusion was reached by Landergren 
(1948), who emphasized the important role of oxygen in the endo- 
genic-exogenic migration of elements. 

OXYGEN IN THE BIOSPHERE 

Oxygen is an essential constituent of almost all living organisms. 
Its main importance lies in its role in respiration. In most cases, all 

1. Goldschmidt (19376) emphasizes the fact that the value of the ten-mile crust as a basis 
of quantitative calculations in geochemistry is questionable. 
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higher organisms require a continual supply of free oxygen. However, 
oxygen is a deadly poison to certain lower organisms, called obliga- 
tory anaerobes. Other lower organisms, chiefly bacteria, are unable 
to utilize free oxygen. Such anaerobic organisms use combined oxy- 
gen, obtained from complex organic molecules, as a source of energy 
in their biological activities. 

Oxidation processes predominate in biochemical systems. The 
energy required by the organisms for their various activities is gen- 
erated in the oxidation. 

OXYGEN ISOTOPES 

Three oxygen isotopes, viz., O 16 , O 17 , and O 18 , are known to exist, 
O 16 being the most abundant of them all. Owing to the very low 
abundance of O 17 (see Table 2.7) the changes in the abundance of 
the heavy oxygen isotope are entirely attributed to O 18 . 

The heavy isotope, 0 1S , is somewhat concentrated in air as com- 
pared with its content in fresh water. The reaction 

o 1 ^ + h 2 o 18 o 1 ! + h 2 o 16 

(gas) (liquid) (gas) (liquid) 

determines the final O 18 content of atmospheric air. The cause of the 
0 1S excess in air may be the photosynthetic liberation of oxygen, but 
there are also several other possible explanations. However, it is 
probable that all oxygen produced in photosynthesis comes from the 
dissociation of water and not from carbon dioxide (Kamen and 
Barker, 1945) ; and the heavy isotope O 18 , reacting more slowly than 
the light one, O 16 , may accumulate in the atmosphere. 

Sea water also has a slightly higher 0 1S content than fresh water. 
This fact is caused by the isotope fractionation taking place during 
evaporation. Water from hydrated minerals (borates) is also higher 
in 0 1S than fresh water is. 

According to Dole and Slobod (1940), there exists no significant 
difference between the isotopic composition of oxygen recovered from 
carbonate rocks of greatly differing geological age. Moreover, iron 
ores of sedimentary origin and sea water have materially the same 
0 18 /0 16 ratio. Fresh-water oxygen has the same 0 1S content as rocks 
and ores devoid of carbonates. 

In carbonates the O 18 content is a little higher than in fresh water. 
The 0 ls /0 16 ratio in atmospheric oxygen is closer to the correspond- 
ing ratio found in carbonates than to that established for ocean 
water. 

Oxygen in biological materials is often enriched in 0 1S . 
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CHROMIUM 


ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

N OTWITHSTANDING its even atomic number, chromium is 
a less abundant constituent of the solar atmosphere and of the 
upper lithosphere than is its odd-numbered neighbor in the Periodic 
System, manganese (see Table 2.3). In the meteorites the case is the 
reverse, and chromium is also more abundant than vanadium, in full 
agreement with the rule of Oddo and Harkins. Like the high abun- 

TABLE 28.1 

Abundance of Chromium in Meteorites 
and in Igneous Rocks 

Material , . 


Metal phase of meteorites (Goldschmidt and Peters, 

19336) 300 

Troilite nodules of meteoritic irons (Goldschmidt 

and Peters, 19336) 20 , 000 

Troilite nodules of silicate meteorites (Goldschmidt, 

19376) ^ 1,000 

Silicate phase of meteorites (Merrill, 1916; recalcu- 
lated by Goldschmidt, 19376) 3,900 

Igneous rocks (Hevesy, Merkel, and Wurstlin, 1934) 530 

Igneous rocks (Goldschmidt, Bauer, and Hormann in 

Goldschmidt, 19376) 200 

Igneous rocks, Dutch East Indies (van Tongeren, 

1938) 520 

Igneous rocks, mainly from Sweden (Lundegardh, 

1946) 35 


dance of aluminum, the scarcity of chromium in the uppermost litho- 
sphere also affords material proof of the origin of the lithosphere as a 
result of a pronounced differentiation process. 

The general geochemical character of chromium is illustrated by 
the values of its abundance in the meteorite phases and in igneous 
rocks given in Table 28.1. The values recorded in this table establish 
the presence of a chromium maximum in the troilite nodules of iron 
meteorites. Chromium is usually contained therein as the sulfospinel 
daubreelite, FeCr 2 S 4 . In the troilite nodules of silicate meteorites, on 
the other hand, chromium is less abundant. When distributed be- 
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tween a metal phase and a sulfide phase, chromium is decidedly con- 
centrated in the latter phase. In the metal phase chromium forms 
chromiferous spinels, notably chromite, FeCr 2 0 4 , but its content is 
rather low. As soon as a silicate phase becomes available, the bulk of 
chromium will be incorporated therein. In silicate meteorites chromi- 
um occurs preferentially as chromian spinels, essentially chromite. It 
is therefore evident that the general geochemical character of chro- 
mium is not chalcophile, although the highest concentration of this 
metal is met in the sulfide phase of meteorites. The redox potential 
of the system in question is of high importance in the distribution of 
chromium, and its chalcophile character is pronounced only if oxy- 
gen is absent or w T hen its amount does not suffice for the oxidation 
of all available chromium. In other cases chromium is lithophile. 

A little chromium is present also in schreibersite. Goldschmidt and 
Peters (19336) report a content of 100 g/ton therein. 

The abundance of chromium in the upper lithosphere is still un- 
settled. According to Goldschmidt (19376), the value given by Heve- 
sy and co-w 7 orkers is too high. On the other hand, it seems to be 
probable that the value obtained by Lundegardh (1946) is decidedly 
too low. 

Chromium is one of the ferrides (Landergren, 1943) and resembles 
iron geochemieallv in many respects. 

CHROMIUM IN IGNEOUS ROCKS 

The content of chromium in silicate meteorites is many times as 
high as that in igneous rocks, and therefore it follows that chromium 
is separated from the magma mainly during the earliest stages of 
differentiation. The changes in the chromium content in the various 
classes of igneous rocks are presented in Table 28.2. These values 
show that chromium, like titanium and phosphorus, is strongly en- 
riched in the early crystallates. Its E - value must be high. Iron ores 
of igneous origin are often chromiferous, the cause being the presence 
of chromium in the magnetite structure. Landergren (1943, 1948) 
reports up to 5,500 g/ton Cr in titaniferous iron ores and 3,500 g/ton 
in magnetite ores found in gabbros. Chromium is also a normal and 
abundant constituent of the early-crystallized olivine rocks or dun- 
ites, as their average chromium content clearly shows. Chromite is, 
as a rule, the first mineral to separate during the normal crystalliza- 
tion of a calc-alkalic magma. In this respect its behavior departs from 
that of titanium and phosphorus. The dunites contain chromium 
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largely as chromite, but it may also be incorporated in the structures 
of other early-crystallizing minerals. 

Sulfide minerals of chromium have, so far, never been observed in 
terrestrial rocks. In magmatic sulfides the average chromium content 
is 0.02 gv ton (Noddack and Noddack, 1931a). This value shows that 
chromium is strongly oxyphile in the upper lithosphere. In igneous 
rocks chromium occurs both in oxide and in silicate minerals. The 
only independent chromium minerals of these rocks are the chromian 
members of the spinel group, viz., magnesiochromite, MgCr 2 0 4 , and 
chromite, FeCr 2 0 4 , and their isomorphic mixtures. According to 
Stevens (1944), the major constituents of chromite also include Al 3 ~. 


TABLE 2S.2 

Content of Chromium in Igneous Rocks 


Rock 

Cr 

(g/ton) 

Averages ( Goldschmidt , 1937a ) : 


Peridotite (dunite) 

3,400 

Gabbro 

340 

Diorite.... . ... . 

68 

Granite 

0 

Neplieline syenite .... 

0 7 

Basement Complex of southern Lapland 

( Bahama , 

19J+51 ) ) : 

Ultrabasics ... 

>2,000 

Gabbros and dolerites . . . . 

. . . 410 

Granites 

. . . . 2-68 

Syenites 

. . 200 


In basic and ultrabasic rocks the chromian spinel occurs either as 
pure chromite or as picotite, (Mg,Fe) (Al,Fe,Cr) 2 0 4 , which conse- 
quently is a mixture of chromite and of the magnesium-aluminum 
spinel. If present in appreciable amounts, chromium, like titanium, 
enters the structures of many silicate minerals of petrological impor- 
tance. In such silicates the Cr 3+ ion replaces other metal ions diad- 
ochically. The following are important among such chrome minerals: 
chromian garnet or uvarovite, Ca 3 Cr 2 [Si0 4 ] 3 ; chromian diopside, with 
up to 2 per cent Cr; chromian epidote or tawmawite; chromian mica 
or fuchsite; and chromian chlorite or kammererite. All these chromif- 
erous silicates are relatively rare, and they are found as rock-making 
minerals only if the chromium supply available during their forma- 
tion has been large. Therefore, their geochemical importance is not 
very great. More significant geochemically is the chromium present 
only in traces in the structures of silicate minerals. This chromium 
evidently represents the bulk of chromium in the upper lithosphere. 
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Common augite and hornblende may contain nearly 1,400 g/ton Cr. 
Wager and Mitchell (1945) found 1,000 g/ton Cr in olivine from a 
gabbro picrite, and less than 2 g/ton in the same mineral from some 
later differentiates of a basic magma. In the clinopyroxene of an 
olivine gabbro they report 400 g/ton Cr, and less than 2 g/ton in the 
same mineral of later members of the differentiation series. 

According to Lundegardh (1946), much chromium may be incor- 
porated in forsterite-rich olivine, whereas the fayalitic olivines are 
deficient in chromium. Probably Fe 3+ at elevated temperatures is 
not readily replaced by Cr 3+ . W T hen magnesium-rich olivine and cli- 
nopyroxene occur together, chromium is preferentially concentrated 
in the latter. This is the case also if magnetite is substituted for 
olivine. At low temperatures the replacement of ferric iron by 
chromium seems to take place more readily. Bray (1942a) reports in 
granite biotites as much as nearly 1,100 g/ton Cr and in granite mus- 
covites, up to 500 g/ton Cr. 

Another common feature of chromium and titanium is their re- 
luctance to form simple silicates. Chromium occupies two different 
structural positions in minerals. In chromates the sexpositive 
chromium forms a complex anion linking, like phosphorus and sulfur, 
four oxygen atoms to form a tetrahedral [Cr0 4 ] complex. Such com- 
plexes form independent groups in the structure. Crocoite, Pb[Cr0 4 ], 
is the most important representative of chromate minerals; the 
chromates are geochemicallv rather unimportant. On the other hand, 
chromium is present in minerals as the trivalent cation Cr 34 ", with a 
radius of 0.64 kX. This radius is close to the radii of Al 3+ (0.57 kX) 
and particularly Fe 3+ (0.67 kX). In silicate minerals chromium is 
present as a cation outside the complex silicon-oxygen framework, 
and thereby readily replaces ferric iron and aluminum diadochically. 
This is the most important manner of occurrence of lithospheric 
chromium. However, the diadochic replacement of Al 3+ by Cr 3+ 
seems to be possible only if aluminum forms [A10 6 ] groups in the 
structure and does not replace silicon to form [A10 4 ] tetrahedra. The 
radius of the Cr 3 * ion, like that of the Fe 3+ ion, is too big to allow the 
substitution of Si 4 * by Cr 3 * in [Si0 4 ] tetrahedra. In the [A10 6 ] groups 
Al 3 *, on the other hand, is readily replaced by Fe 3+ and Cr 34 -. These 
two cases of diadochic replacement are very common in minerals, and 
they characterize the geochemistry of iron and chromium. However, 
no chromium is found in the feldspars and other minerals in which 
aluminum replaces silicon within the oxygen tetrahedra. It should 
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also be noticed that, in spite of the valence differences, chromium 
evidently replaces ferrous iron and magnesium in many minerals. 

CYCLE OF CHROMIUM 

Because chromium closely resembles ferric iron and aluminum in 
its chemical properties, ionic size, and ionic charge, it follows these 
ions during its exogenic cycle. Only very little chromium remains in 
solutions formed during weathering. Consequently, the precipitates, 
oxidates, and evaporates are nearly completely devoid of chromium, 
which becomes enriched in the resistates and particularly in the hy- 
drolyzates. The content of chromium in some sediments and sedi- 
mentary rocks is presented in Table 28.8. 

TABLE 2S.3 

Content of Chromium in Sediments and 
Sedimentary Rocks 


XtOCJi , , , 

(g/ton) 

Quartzites, southern Lapland (Sahama, 19456) 68-200 

Aluminum-rich schists, southern Lapland (Sahama, 

19456) 410-680 

Carbonate rocks, southern Lapland (Sahama, 19456) 2 

Phyllites, Stavanger area, Norway (0. Rder in Gold- 
schmidt, 19376) 140 

Bog ores, Finland (Landergren, 1948) <10 

Oolitic siliceous marine iron ores (Landergren, 1948) 240 

Marine siderite ores (Landergren, 1948) 20 

Lateritic iron ores, northern Ireland (Landergren, 

1948) 400 


Bahama’s values in Table 28.3 show that the distribution of 
chromium between resistates and hvdrolyzates is not very pro- 
nounced. This is due to the fact that the chromium present in the 
femic constituents of rocks, such as pyroxenes, amphiboles, and bio- 
tite, is released during the weathering, whereas the chromium present 
in the oxides chromite, magnetite, and ilmenite is concentrated in the 
resistates, together with aluminum and ferric iron, because the min- 
erals mentioned are highly resistant to weathering. It is evident that 
the chromium content of the resistates is largely caused by the pres- 
ence of chromite. As much as 2,500 g/ton Or are reported in bauxite. 

During metamorphism, the chromium-rich weathering products 
may give rise to local formation of fuchsite. 

In some exceptional cases, when the redox potential is very high, 
chromium becomes mobilized as chromate because of the oxidation 
of Cr 3+ to Cr 6+ . This is the reason for the presence of notable quanti- 
ties of chromates in the Chilean nitrate deposits. In this respect 
chromium resembles vanadium in its exogenic cycle. 
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CHROMIUM ORES 

It is evident by what is stated in the foregoing paragraphs that 
only one ehromiferous mineral is used as a chromium ore, viz., 
chromite. This mineral may contain as much as 68 per cent Cr 2 0. 8 and 
is mined from ultrabasic rocks in which it occurs as the earliest prod- 
uct of crystallization. 

BIOGEOCHEMISTRY OF CHROMIUM 

The presence of chromium has been reported in plants and many 
terrestrial and marine animals. However, in some instances the data 
may be open to question, owing to the possible contamination of the 
samples and to analyzing techniques. Therefore, the biological occur- 
rence of chromium cannot be considered fully established in all 
respects. 

Chromium is reported in soil in a content varying from 10 to 
5,000 g/ton (Mitchell, 1944 ). According to Goldschmidt and Peters 
(1933c), chromium is notably enriched in coal ashes, which may 
contain as much as 1,000 g/ton Cr. 
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CHAPTER 29 


MOLYBDENUM, TUNGSTEN 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

T HE abundance of molybdenum and tungsten in the meteorites 
and igneous rocks is presented in Table 29.1. The two metals 
bave also been quantitatively determined in the Sun’s atmosphere. 
With reference to their terrestrial abundance, considerable diver- 
gence prevails in the opinions of the various authorities. It seems to 
be evident that the early abundance values reported by Hevesy and 
Hobbie (1933) are too high. These authors analyzed a composite 

TABLE 29.1 

Abundance of Molybdenum and Tungsten 


Material 

Mo 

W 


(g/ton) 

(g/ton) 

Nickel-iron phase of meteorites (Noddack and Noddack, 1930) . 

16 6 

8 1 

Troilite phase of meteorites (Noddack and Noddack, 1931a) . . 

11 

trace 

Silicate phase of meteorites (Noddack and Noddack, 1930) . ... 

2 5 

18 

Igneous rocks (Hevesy and Hobbie, 1933) 

15 

69 

Igneous rocks (Mo: Sandell and Goldich, 1943; W: Sandell, 1946). 

2 5 

1 5 

Igneous rocks (Lundegardh, 1946) 


8 


mixture of a large number of Caledonian and Yariscan igneous rocks 
from central European localities. Tungsten, at least, is regional in 
its occurrence; Bj^rlykke (1936) has established the presence of pro- 
nounced regional differences in its manner of occurrence in Norwe- 
gian granite pegmatites. The abundance values given for tungsten by 
Lundegardh (1946) and Sandell (1946) are lower than the value ob- 
tained by Hevesy and Hobbie (1933) . According to Sandell, the most 
probable value is 1 or 1.5 g/ton. This opinion is shared also by Lan- 
dergren (1948) on the basis of the results obtained by analyzing pre- 
Cambrian rocks of Sweden. It is evident that all abundance values 
given in Table 29.1 are only tentative. 

Figure 2.2 shows that the cosmic abundance of tungsten is some- 
what higher than that of molybdenum. In spite of the fact that the 
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two metals, according to their positions in the Periodic System, are 
closely related to each other and also that their chemical properties 
are much alike, they show notable differences in their geochemical 
behavior. In the meteorites the highest molybdenum content is found 
in the metal phase, and a submaximum is present in the sulfide phase, 
whereas tungsten is strongly concentrated in the silicate phase. The 
general geochemical character of molybdenum is evidently sidero- 
phile, with a definite chalcophile tendency. Tungsten, on the other 
hand, is strongly lithophile and also show T s a weak siderophile bent, 
but no chalcophile behavior at all. 


TABLE 29.2 

Context of Molybdenum and Tungsten in Igneous Rocks 


Gabbros and norites (Hevesy and Hobbie, 1933) 3 

Subsilicic rocks, average (Sandell and Goldich, 1943) . . 2 

Granite, Schwarzwald, Germany (Hevesy and Hobbie, 

1933) * 12 

Silicic rocks, average (Sandell and Goldich, 1943) 2 5 


W 

(g/ton) 


Gabbros and norites (Hevesy and Hobbie, 1933) 24 

Basic rocks, central Roslagen, Sweden (Lundegardh, 1946) 10 

Silicic and intermediate igneous rocks (Sandell, 1946) . . 1 5 

Granite, Schwarzwald, Germany (Hevesy and Hobbie, 

1933) 83 

Acidic rocks, central Roslagen, Sweden (Lundegardh, 

1946) 7 


MOLYBDENUM AND TUNGSTEN IN IGNEOUS ROCKS 

In the upper lithosphere both molybdenum and tungsten are 
oxyphile (see chap. 5). They share the property of becoming pro- 
nouncedly concentrated in the last differentiates during magmatic 
crystallization. The early magmatic nickeliferous sulfide ores contain 
molybdenum and tungsten in low concentrations. Magmatic sulfides 
contain, on an average, 20 g/ton Mo and 2 g/ton W (Noddack and 
Noddack, 1931a). According to Landergren (1948), titaniferous iron 
ores are low in molybdenum and tungsten (less than 50 g/ton Mo and 
less than 100 g/ton W). Basic igneous rocks in both the calc-alkalic 
and the alkalic series regularly contain much less molybdenum and 
tungsten than do acidic rocks, particularly granites. As a rule, tung- 
sten remains longer in the residual melt than molybdenum does; 
however, according to Sandell (1946), the concentration of tungsten 
in silicic rocks does not appear very striking. Considerable amounts 
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of molybdenum are often met in granites, which conclude the main 
stage of crystallization, usually in the form of the sulfide molybde- 
nite, M 0 S 2 , which may form deposits of technical importance. In the 
granite pegmatites molybdenum and tungsten form a number of in- 
dependent minerals. The tungsten minerals, in particular, are char- 
acteristic of pneumatolytic and hydrothermal deposits. Commercial 
amounts of molybdenite may also be present in granite pegmatites. 
Molybdenite is the only sulfide found with any consistency in peg- 
matites (Landes, 1937). The cassiterite ores carry tungsten as a regu- 
lar constituent, and in some cases it may even predominate over tin. 

Table 29.2 shows the content of molybdenum and tungsten in ig- 
neous rocks. It is evident that the number of analyses available is 
too small to allow any conclusions concerning the detailed distribu- 
tion of these metals in the various rock classes. 

The high affinity of molybdenum for sulfur is illustrated by the 
fact that it readily collects all sulfur available, to form molybdenite. 
In the presence of a considerable content of molybdenum during the 
crystallization, sulfides of other metals may be formed only if there 
is still sulfur available after the formation of molybdenite. Tungsten 
also forms the sulfide tungstenite, WS 2 , but it is rare and without 
geochemical importance. Tungsten is preferentially present in rocks 
as tungstates. The more important minerals of molybdenum and 
tungsten include the following species : 

Molybdenite, M 0 S 2 

Powellite, Ca[Mo0 4 ] 

Wulfenite, Pb[MoG 4 ] 

Chillagite, Pb[(Mo,W)0 4 ] 

Scheelite, Ca[W0 4 ] 

Stolzite and raspite, Pb[W0 4 ] 

Perberite, Fe[W0 4 ] 

Hubnerite, Mn[W0 4 ] 

Wolframite, (Fe,Mn) [W0 4 ] 

Wolframite is the isomorphic mixture of ferberite and hiibnerite 
and is much more common than scheelite. Powellite and stolzite are 
the rarest among the above-mentioned minerals. A number of other 
molybdates and tungstates are known as minerals, containing cop- 
per, bismuth, and ferric iron, but are relatively rare and occur as oxi- 
dation and alteration products of the common molybdenum and 
tungsten minerals. In addition, many pegmatite minerals of the rare- 
earth metals and of columbium and tantalum contain varying 
amounts of tungsten, for example, columbite and tantalite. The T\ O 3 
content of columbite may run as high as 13 per cent. 
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In the molybdates and tungstates molybdenum and tungsten form 
independent [Mo0 4 ] and [W0 4 ] groups. A property distinguishing 
between these and the corresponding phosphate and sulfate anions 
is that in molybdates and tungstates the oxygen ions are not found 
in the corners of regular tetrahedra but form, instead, a polyhedron 
which may be obtained if a tetrahedron is compressed along the di- 
rection of a crystallographic axis. The resulting deformed tetrahe- 
dron is therefore intermediate between the regular tetrahedron and 
the square. 

Owing to the lanthanide contraction, the radii of Mo 4+ and W 4+ 
are equal (0.68 kX). Therefore, the two ions are able to replace each 
other in minerals, e.g., in chillagite, which represents an isomorphic 
mixture of wulfenite and stolzite. The presence of columbium and 
tantalum in wolframite is discussed in chapter 26. 

BIOGEOCHEMISTRY OF MOLYBDENUM AND TUNGSTEN 

Molybdenum is essential for some fungi and probably also effective 
in the fixation of nitrogen by soil micro-organisms. According to 
Goldschmidt and Peters (1933c), it is enriched in coal ashes. The 
maximum content in soil is 2 g/ton (Mitchell, 1944). Organisms are 
claimed to concentrate molybdenum by a factor of as much as 1,000. 
Although molybdenum is reported as a widely distributed constitu- 
ent of organisms, both continental and marine, many of the occur- 
rences may be caused by molybdenum introduced from irrelevant 
sources during the analysis. The biological function of molybdenum 
in animals is unknown. It is accumulated in petroleum hydrocarbons, 
evidently in the form of organometallic compounds. 

Tungsten is reported as a constituent of some marine animals, but 
its biological functions are almost entirely unknown. 

CYCLE OF MOLYBDENUM AND TUNGSTEN 

The tungstate minerals are rather stable against mechanical disin- 
tegration, whereas the molybdates share this property to a much 
smaller degree. The minerals of molybdenum and tungsten dissolve 
readily during weathering and form oxides (ochers) and hydrated 
oxides, e.g., molybdite, MoO s or Fe0-3Mo0 3 -8H 2 0; ilsemannite 
(molybdenum blue), Mo 3 0 8 -nH 2 0 ± H 2 S0 4 ; tungstite, W0 3 , partly 
W0 2 (0H) 2 ; russellite, (Bi 2 ,W)0 3 ; and thorotungstite, a thorium- 
bearing tungsten oxide. However, secondary molybdenum and tung- 
sten deposits of economic importance are unknown. The soluble 
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molybdates and tungstates and the colloidal compounds formed dur- 
ing weathering are transported farther without being redeposited in 
the zone of cementation to any considerable extent. Typical alluvial 
deposits of scheelite and wolframite do not exist, and only detrital 
deposits of these minerals on hill slopes or residual deposits formed 
in arid regions are known to occur. 

The sulfuric acid formed during the weathering of sulfides attacks 
tungstate minerals. Scheelite is decomposed more readily than wolf- 
ramite is. Calcium, ferrous, and manganous sulfates result from the 
decomposition of the tungstate minerals under the presence of sul- 
furic acid. Hydrated tungstic oxide often remains in the weathering 
zone of tungsten ores. In the presence of alkali carbonates the tung- 
stic oxide goes into solution as an alkali tungstate, and, when tung- 
state-bearing ground waters react with calcium salts, secondary 
scheelite may be precipitated. 

Ilsemannite is of widespread occurrence as an oxidation product 
of molybdenum minerals. Scerbina (1939) has investigated the reac- 
tion 

Fe 2 + + Mo 6+ Fe 3+ + Mo 5 - . 


Ilsemannite is formed when the concentration of ferrous iron is low 
and that of molybdate is high. On the other hand, the presence of 
large quantities of ferric iron and a low concentration of molybdate 
explains the presence of inclusions of wulfenite in siderite. According 
to Zies (1929), molybdenum blue is readily formed when alkali 
molybdates in solution come into contact with hydrogen sulfide. In 
the Valley of Ten Thousand Smokes in Alaska large amounts of 
molybdenum as ilsemannite were derived from a rhyolite magma. 
Ilsemannite also occurs in the carnotite-bearing sandstones of Utah 
and Colorado in the United States, being rather plentiful in many 
places. 

When the weathering solutions carrying alkali molybdates and 
tungstates mingle wdth river waters rich in calcium, the insoluble 
calcium salts of molybdic and tungstic acid will be precipitated. If 
the molybdenum-bearing solutions are brought into contact with re- 
ducing sediments, like the muds and sapropelites in lakes and shallow 
seas, the hydrogen sulfide, which is often present in these surround- 
ings, will precipitate molybdenum as sulfide. The shungites and 
shungite schists in eastern Fennoscandia contain up to 50 g/ton 
Mo0 3 and 100 g/ton W0 3 , according to Sudovikov (1937) and 
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Rankama (1948a). Other bituminous and sapropelic sediments, e.g., 
the geologically much younger Kupferschiefer at Mansfeld in Ger- 
many, contain notable amounts of molybdenum as sulfide (140 
g/ton Mo). 

According to Hauptmann and Balconi (in Goldschmidt, 19376), 
molybdenum accumulates especially in manganese-rich oxidate 
sediments. 

Molybdenum and tungsten form stable complex anions with oxy- 
gen, and therefore they evidently should be included in Gold- 
schmidt's group of soluble anions with respect to their manner of 
occurrence in sea water. However, the high calcium content of river 
waters causes the precipitation of the most part of these metals be- 
fore they reach the oceans. Consequently, they become incorporated 
in the hydrolyzates. 

The number of determinations of the content of molybdenum and 
tungsten in sediments and their derivatives is low. According to 
Landergren (1948), the bog iron ores are low in molybdenum and 
tungsten. Similarly, their content in iron ores of marine origin is low. 
In micaceous hematites, Landergren found 300-4,000 g/ton W and 
in a hematite from Elba 100 g/ton W, but in these minerals the high 
content may be caused by pneumatolytic activity. Wilson and 
Fieldes (1944) found an average of 1-2 g/ton W in schists. 

Manganese minerals may be rich in tungsten, e.g., 0.63 per cent 
W0 3 is reported in hoilandite and up to 7 per cent W0 3 in psilo- 
melane. The cause of the enrichment is probably the adsorption 
of colloidal tungsten compounds during the formation of manganese 
minerals. 


MOLYBDENUM AND TUNGSTEN ORES 

The ores of the two metals occur regularly in connection with 
granitic magmas. Molybdenum and tungsten deposits are found in 
pegmatites and in pneumatolytic and hydrothermal rocks. Molyb- 
denum is also present in ores of other metals, especially in iron ores. 
Landergren (1948) reported as much as 5,000 g/ton Mo and 1,000 
g/ton W in some iron ores from central Sweden. During the metal- 
lurgical treatment of such ores, molybdenum goes into both pig iron 
and slag. Blast-furnace slag may contain as much as 28 per cent Mo. 
Molybdenum is also recovered as a by-product from the residues of 
copper smelting. 

The only molybdenum minerals of technical importance are 
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molybdenite (with approximately 60 per cent Mo) and wnlfenite 
( about 25 per cent Mo), the former being the more important of the 
two. Wolframite, scheelite, and tungstite are important as tungsten 
ores. Both ferberite and hxibnerite contain, when pure, about 60.5 
per cent W, whereas the content in scheelite is a little higher, or 63.9 
per cent W. The greatest and most important tungsten deposits con- 
sist of wolframite. China leads the world as a tungsten producer; the 
most important deposits are located in the southern Kiangsi Province. 
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URANIUM 


ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

U RANIUM was previously included in the same group of the 
Periodic System in which chromium, molybdenum, and tung- 
sten are contained. However, if the manner of occurrence of these 
elements is considered, uranium is found to depart much from the 
others. The recent results of nuclear research have established the 
presence of an actinide series in the Periodic System. This series be- 
gins with actinium and corresponds closely to the lanthanides. The 
presence of a series resembling the rare-earth metals was predicted 
by Niels Bohr as early as 1922. The various actinides resemble one 
another noticeably. Their ionic sizes afford proof of the presence of 
an actinide contraction, which is similar in its effects to the lan- 
thanide contraction (chap. 5). Thus, for example, the radius of Th 4+ 
is 1.10 kX, whereas that of U 4+ is 1.05 kX. Because of the similarity 
of their ionic sizes, uranium and thorium accompany each other in 
Nature. 

Geochemically, uranium is a pronouncedly lithophile element. Its 
abundance values are given in the accompanying tabulation. There 

Material (g/ton) 

Iron meteorites (Arrol, Jacobi, and Paneth, 1942) .... 0.007 

Silicate meteorites (Hevesy, Alexander, and Wlirstlin, 


19S0) 0.4 

Igneous rocks (Hevesy, 1932) 4 

Upper lithosphere (Tomkeieff, 1946) 1 


are no abundance values to show the content of uranium in the sul- 
fide phase of the meteorites. Its presence in the solar atmosphere is 
still unsettled. 

Uranium and all its compounds are radioactive. This property was 
discovered by the French physicist, Henri Becquerel, in 1896. Urani- 
um is found in Nature as three semistable isotopes: U 234 , U 235 , and 
U 23S , the last one being the most abundant of them all (99.28 per 
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cent). Radium is formed as one of the intermediate products during 
the decay of TP 38 or UI (see chap. 46). This uranium isotope is the 
ancestor of a series of radioactive elements, called the uranium- 
radium family. A total of eight a-particles and six d-particles is 
emitted during the continued distintegration of U 2SS , and the lead 
isotope Pb 206 (RaG) is the final stable atom obtained : 

U 23S -» 8He 4 + Pb 206 . 

The half-life of U 238 is about 4.5 •10 s years. 

The less abundant (0.71 per cent) uranium isotope U 235 (AcUj 
heads another series of genetically related radioactive elements (the 
uranium-actinium family). The half-life of the parent-isotope is 
8.8- 10 s years. It emits a total of seven a-particles and four ^-par- 
ticles, and the lead isotope Pb 207 (AcD) is the stable end-product of 
its disintegration: 

U 235 -» 7He 4 + Pb 207 . 

The two lead isotopes formed in the uranium disintegration accumu- 
late in the uraniferous minerals. 

The presence of natural fission in uranium has been established; 
uraninite contains a trace of plutonium (see chap. 46). 

URANIUM IN IGNEOUS ROCKS 

Like thorium, uranium is a pronouncedly oxyphile element. It 
never occurs in the native state and does not form sulfides, arsenides, 
tellurides, etc. The association U-S is known only in the hydrous 
uranium sulfates. Uranium is strongly concentrated in the upper 
lithosphere, which is illustrated by the calculations made of the 
radioactivity of rocks and of its significance in the generation of heat 
in the lithosphere. Along with uranium and thorium, the short-lived 
radioactive elements (see chap. 46) and the following nuclides are ra- 
dioactive: K 40 , Rb 57 , La 138 , Sm 152 , Lu 176 , and Re 187 . The five last men- 
tioned nuclides, owing to their scarcity, have no considerable effect on 
the amount of radioactive heat generated in the Earth’s crust. On 
the other hand, much heat is produced by the radioactive disintegra- 
tion of uranium, thorium, and potassium. The calculations show that 
even a relatively thin superficial layer of the Earth, corresponding in 
thickness to the Sial crust and containing the above three radioactive 
elements in concentrations given in Table 2.3, is able to produce heat 
enough to compensate for the loss of heat by radiation into inter- 
planetary space. Therefore, it is evident that only negligible amounts 
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of the radioactive elements can be present in the Sima layer, to say 
nothing about their concentration in the deeper geospheres. Further 
proof of this assumption is furnished by the observation that during 
magmatic differentiation these elements become strongly concen- 
trated in acidic rocks. The average contents in the various groups of 
igneous rocks which are considered the most reliable ones are given 
in Table 30.1. The values show that granites, among all igneous 
rocks of the calc-alkalic series, are the richest in uranium. According 
to Senftle and Keevil (1947), the Th/U ratio in acidic igneous rocks 
is 3.4, and in intermediary igneous rocks it is 4.0. These values are 
based on very extensive material. They show that, during crystalli- 
zation, uranium becomes enriched in the acidic rocks with regard to 
thorium. 

TABLE 30.1 

Abundance of Uranium in Igneous Rocks 

Rock (g/ton 


Basic igneous rocks (Evans and Goodman, 1941) 0.96 

Basalts (Evans and Goodman, 1941) 0.83 

Diabases (Evans and Goodman, 1941) 0.83 

Intermediary igneous rocks (Senftle and Keevil, 1947) £.61 

Granitic rocks (Senftle and Keevil, 1947) 3 .963 


During the differentiation, uranium is often already concentrated 
in granite and syenite pegmatites, in which it may form a number of 
independent minerals. The radius of the U 4+ ion is too great to allow 
the admission of material amounts of uranium in the common rock- 
making minerals. Although the XJ 4+ ion, like the Th 4_f ion, resembles 
Ca 2+ in co-ordination, it becomes enriched in residual solutions, not- 
withstanding its FJ-value (Wickman, 1943). In this respect, uranium 
also resembles the rare-earth metals. 

The minerals crystallized at elevated temperatures contain rela- 
tively much U0 2 , wdiich may be assumed to be of primary origin. All 
minerals of low-temperature assemblages contain only U0 3 , which is 
an oxidation product (Tomkeieff, 1946). In pegmatites the early- 
crystallizing minerals, such as columbates and tantalates, are low in 
uranium; the uranium-rich minerals are formed during the late 
stages of deposition. 

During the pneumatolytic and hydrothermal stages uranium oc- 
curs in high-temperature hydrothermal tin veins associated with sul- 
fides and sulfosalts containing cobalt, nickel, bismuth, and arsenic. 
Hydrothermal sulfide and arsenide veins carrying cobalt, nickel, 
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silver, and bismuth minerals and formed at low temperatures and 
similar veins devoid of cobalt and nickel are also uraniferous. In sili- 
cate rocks uranium may accompany zirconium and thorium in zircon, 
as well as thorium and the rare-earth metals in their minerals, e.g., 
in thorite, thorianite, monazite, xenotime, and allanite. In pegma- 
tites, uranium, however, prefers the company of titanium, Columbi- 
an!, and tantalum, and many columbates and tantalates found in 
such rocks are uraniferous. Carbonaceous material (thucholite) often 
accompanies uranium in pegmatites, probably resulting from the 
radioactive polymerization of hydrocarbons. 

The most important uranium mineral is the oxide, U0 2 , found as 
uraninite and pitchblende. These minerals show wide variations in 
their composition. The crystallized uraninite is almost entirely con- 
fined to pegmatites, whereas the hydrothermal sulfide and arsenide 
veins nearly always carry the massive pitchblende. Uraninite is the 
richest of all uranium minerals and may contain 75-90 per cent U0 2 
and U0 3 . A number of other independent uranium minerals is 
known; they are hydroxides, phosphates, arsenates, vanadates, ura- 
nates, carbonates, silicates, and sulfates of variable and often com- 
plicated chemical composition. They are usually derived from the 
alteration or decomposition of primary uranium minerals, notably 
uraninite. These minerals are particularly numerous in hydrothermal 
veins and may occur in both igneous and sedimentary rocks. Many 
of them are found in the weathered parts of uraniferous ore bodies, 
e.g., becquerelite, 2U0 3 ’3H 2 0. The vanadate, phosphate, and ar- 
senate minerals of uranium contain UO 2 layers alternating with [P0 4 ], 
[As0 4 ], and [V0 4 ] layers in the structures. Therefore, they are struc- 
turally similar to the micas and are, accordingly, called uranmicas 
(uranite group) . The most important minerals of this group are carno- 
tite, perhaps K[U0 2 1 V0 4 ] • HH 2 0 ; torbernite, Cu[U0 2 ] P0 4 ] 2 * 8H 2 0 ; 
and autunite, Ca[U0 2 |P0 4 ]^SH 2 0. Kasolite, PbU[0 2 | SiOJ -H 2 0, 
and uranophane (uranotil), CaU 2 [(OH) 3 [ Si0 4 ]2 (?) are here 

mentioned as representatives of uranium silicates. Uranium may 
also be incorporated in late hydrothermal minerals, e.g., in fluorite 
and opal; in the latter mineral it may be present as a uranyl silicate 
or phosphate (Haberlandt and Hernegger, 1947). 

The pegmatitic and pneumatoly tic-hydrothermal enrichment of 
uranium is characteristic of its geochemistry. Another peculiarity in 
the manner of occurrence of uranium is its concentration, notably in 
the company of vanadium, in minerals precipitated from ground 
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waters in arid regions. Such uranium deposits are sometimes found 
in sandstones. 

CYCLE OF URANIUM 

During weathering, the uranium minerals yield hydrated uranium 
oxides, which are sparingly soluble. Some uranium remains in the 
highly resistant minerals and may become concentrated in placers. 
Only a small part of uranium goes into solution, preferably as the 
readily soluble uranyl complexes, which are understood as basic salts 
containing U 3+ and U0 3 . The alkali uranates are only sparingly sol- 
uble. The soluble uranium compounds are readily adsorbed on the 



Fig. 30.1. — The cycle of uranium 


hydroxide gels of iron, aluminum, and manganese, and on silica gel, 
and therefore uranium may become enriched in hydrolyzates and 
oxidates. This property of uranium is evidently one of the general 
causes of its dispersed manner of occurrence. A part of uranium re- 
mains in sea water and is finally deposited in marine evaporates. The 
cycle of uranium is shown in Figure 30.1. 

The terrigenous sediments are often rather rich in uranium, the 
reason being the presence of detrital heavy minerals therein. The 
determinations of the uranium content in sediments and sedimentary 
rocks are few. Urry (1941) found 0.65-1.07 g/ton U in some marine 
sediments, and Evans and Goodman (1941) reported the average of 
1.3 g/ton U in limestones and 1.2 g/ton U in other sedimentary rocks 
than limestones. These values show that the enrichment of uranium 
is negligible in sediments devoid of organic material. 
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BIOGEOCHEMISTRY OE URANIUM 

Uranium occurs in many organisms; it may have a definite physi- 
ological function and probably is an element essential for the life- 
processes. The following contents are reported by v. Thyssen- 
Bornemisza (1942) : about 0.005 g ’ton U in humus soil and in coal 
ashes and up to 7 g/ton in plant ashes. Uranium Is concentrated in 
many terrestrial and marine organisms, and it Is possible that the 
cause of enrichment is the adsorption of uranium compounds by bio- 
logical substances. An unusually high concentration of uranium oc- 
curs in the thyroid. Foyn, Karlik, Pettersson, and Rona (1939) found 
more uranium in the deep ocean waters than in the surface water, and 
Pettersson (1939) explained this observation by assuming that 
uranium might be enriched by the plankton organisms in the surface 
layers of the sea. Sediments deposited by hot springs may contain 
uranium, which is believed to be sometimes precipitated by bacteria. 
It is also known that algae growing in fresh water accumulate uranium. 

Carbonaceous shales of marine origin are very definitely higher in 
uranium than are other sedimentary rocks and even granites. It is 
believed that uranium sometimes is precipitated as sulfide, together 
with Iron, in the original sapropelic sediments, and sometimes to- 
gether with vanadium, molybdenum, and nickel. Beers and Good- 
man (1944) found that the contents of potassium and uranium In- 
crease directly with each other in organogenic black shales and also 
in Igneous rocks. 

So far, no uranium has been detected in the normal Kupferschiefer 
of Mansfeld in Germany (Kohl, 1941). The uraninite present In the 
Mansfeld ores may have been deposited from highly concentrated 
and mineralized brines, partly of connate origin and partly mixed 
with ascending juvenile w r aters. 

A famous example of the enrichment of uranium In coal is kolrn, 
the ash-rich coal found in alum shales in Sweden. Eklund (1946) re- 
ports a maximum of more than 1 per cent U in kolm. The kolrn- 
bearing alum shales of southern Sweden usually contain about 200 
g/ton U, but in the bulk of these shales the content is 50-100 g Ton. 

Petroleum and associated brines are always rich in uranium. Tom- 
keieff (1946) quotes 100 g/ton U as the average content in petroleum. 
In oil-field waters the content is 10 g/ton U. Uranium is also reported 
in asphaltiferous sandstones and asphaltites. An asphaltite from 
Utah, in the United States, is stated to contain 2.88 per cent uranium. 
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The most important feature of the biogeochemistry of uranium is 
its enrichment in sedimentary rocks as a result of biological proc- 
esses. Uranium is, in addition, very often closely associated with 
vanadium in the bioliths. 

ORES OF URANIUM 

Uranium is produced partly from deposits found in sedimentary 
rocks, particularly in sandstones and bituminous shales containing 
uranites, especially carnotite. However, the most important uranium 
ores are uraninite and its alteration products found in hydrothermal 
deposits. Small amounts of uranium minerals are common in pegma- 
tites, but they are usually without technical significance. A most no- 
table feature in the regional geochemistry of uranium is the very 
limited number of rich uranium deposits. The greatest and most im- 
portant uraninite ores are found in the vicinity of the Great Bear 
Lake in Canada, in Katanga in the Belgian Congo in West Africa, 
and in Jachymov (Joachimstal) in Czechoslovakia. They are all as- 
sociated with hydrothermal veins. The carnotite deposits in vanadif- 
erous sandstones in southeastern Utah and southwestern Colorado 
in the United States are believed to be secondary. They may have 
been derived by precipitation from ground waters rich in uranium 
salts leached from primary uraninite deposits in granitic rocks. Some 
of the deposits are associated with plant remains, and therefore a bio- 
logical enrichment of uranium would also be possible. Carnotite depos- 
its also occur in Fergana in Russia (central Asia). In these deposits 
the presence of the mineral tyuyamunite, Ca[U0 2 | V0 4 ]2*4H 2 0, 
is explained as a result of extraction of uranium and vanadium 
from neighboring bituminous shales containing, on an average, ap- 
proximately 400 g/ton U and 850 g/ ton V. Large amounts of urani- 
um and thorium have been produced from the aforementioned de- 
posits alone. Nowhere else does uranium seem to occur in concentra- 
tions high enough to make industrial operations normally profitable. 
No noteworthy uranium deposits are known in the pre-Cambrian 
areas of Fennoscandia, although they are geologically comparable 
with the Canadian Shield. However, the much younger kolm and 
alum shales of Sweden and Estonia are potential sources of uranium. 

The position occupied by uranium in the Periodic Table is respon- 
sible for the comparatively large size of the quadripositive uranium 
ion. In addition, uranium may change its ionic charge comparatively 
readily according to the circumstances prevailing in its surroundings. 
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Further, the strong radioactivity of the uranium atom causes the de- 
composition of the structures of all minerals containing uranium In 
noteworthy amounts, whereby structurally anisotropic or metamict 
minerals are produced. All these properties of uranium are respon- 
sible for the fact that it will not become enriched in mineral struc- 
tures so easily as many other elements do. Another result is that 
uranium is not very much inclined to form rich ore bodies. Conse- 
quently, uranium may, to some extent, be considered one of the dis- 
persed elements in the sense of Vernadsky (19*24), even though its 
dispersion is not so complete and far-reaching as that of, e.g., 
bromine and iodine. 


639 



CHAPTER 31 


MANGANESE 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

M ANGANESE is, next to titanium, the most abundant among 
the trace elements found in igneous rocks. Owing to the rather 
easy quantitative determination even of small traces of manganese 
in minerals and rocks by colorimetric methods of analysis, it is usual- 
ly included in the list of constituents determined during the course 
of rock and mineral analyses made for petrological purposes. The 
number of manganese determinations available is great enough to 

TABLE 31.1 

Abundance op Manganese 


Materia 1 J t * n) 

Meteoritic irons (Noddack and Noddack, 1930) 300 

Troilites (Noddack and Noddack, 1930) ; . . . 460 

Silicate meteorites (Merrill, 1916; recalculated by 

Goldschmidt, 19376) 2,600 

Igneous rocks (Clarke and Washington, 1924; Hevesy, 

Merkel, and Wlirstlin, 1934) 1 , 000 

Igneous rocks, Dutch East Indies, average (van Ton- 

geren, 1938) 2,200 


make this metal rather well known as far as its geochemistry in the 
upper lithosphere is considered. The abundance values of manganese 
are presented in Table 31.1. 

f Manganese is geochemically a strongly lithophile metal. It is con- 
jcentrated in the silicate phase of the meteorites and in the litho- 
[ sphere. In the upper lithosphere manganese is oxyphile. It is not sid- 
erophile but has some chalcophile tendency, which is illustrated by 
its behavior in metallurgical processes (see Table 4.1). In the meteor- 
ites the chalcophile character of manganese is distinct, as its presence 
in oldhamite shows. xAxording to Goldschmidt (19376), the ratio be- 
tween the manganese content of the silicate and metal phases of the 
meteorites is approximately 9:1. The average content of manganese 
in the troilite nodules is somewhat higher than the content in the 
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metal phase. In the solar atmosphere the abundance of manganese is 
relatively high. 

The abundance value calculated by van Tongeren (1938; probably 
means that there are regional differences in the manganese content 
of the upper lithosphere. 

With reference to its terrestrial occurrence, manganese also pos- 
sesses a distinct biophile tendency. 

MANGANESE MINERALS 

Manganese is related to iron in its chemical properties and is a 
member of the iron family (Goldschmidt, 1929 ) or the ferrides 
(Landergren, 1943 ). In the Periodic System manganese occurs next 
to the Fe-Co-Ni triad. Actually, it resembles iron in many respects as 
far as its manner of occurrence in Nature is concerned. However, 
there are also important fundamental differences between the two 
metals in this respect. Like chromium, manganese forms a number of 
independent minerals in igneous rocks, but usually they are rare and 
geochemieally insignificant. Nearly all mineral groups of petrological 
importance contain a manganese constituent, which is sometimes 
found as an independent mineral. 

In artificial silicate melts, manganese forms the simple meta- 
silicate, the corresponding simple orthosilicate, and the compound 
3MnO *^Si0 2 . The orthosilicate or the manganolivine is found in Na- 
ture as "the rare tephroite, Mn 2 [Si0 4 ] 5 which contains 70.25 per cent 
Mn. Tephroite also forms isomorphic mixtures with fayalite, known 
as manganfayalite and knebelite, (Mn,Fe)o[Si0 4 ]. The metasilicate is 
known, e.g., as rhodonite, (Mn,F e, Ca) [Si0 3 ] > and pyroxmangite, 
(Mn,Fe)[Si0 3 ], which were previously considered members of the 
pyroxene group. However, their structures differ from that of the 
pyroxenes, and it is probable that they contain [Si 3 0 9 ] rings. The 
manganese silicates with more complicated composition include the 
manganese garnet spessartite, Mn 3 Al 2 [Si0 4 ]3, with 15-40 per cent 
MnO; manganepidote; ardennite, a member of the zoisite group; 
manganhedenbergite; the manganese-bearing micas alurgite, man- 
ganphlogopite (with up to 18 per cent MnO), and manganophyllite 
(maximum 18 per cent MnO) ; manganchlorite ; and still others. Hel- 
vite, Mn 8 [S 2 | (BeSi0 4 ) 6 ], is a mineralogical curiosity, with the prob- 
able exception of the locality at Iron Mountain in New Mexico in the 
United States (Glass, Jahns, and Stevens, 1944 ). 
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Among the manganese oxides and hydroxides the following min- 
erals are the most important: 

Galaxite (manganspinel), MnAl 2 0 4 
Jacobsite (manganspinel), MnFe 2 0 4 
Manganosite, MnO 

Hausmannite, Mn 3 0 4 (72 per cent Mn) 

Braunite, 3Mn 2 0 3 ‘ MnSi0 3 ; perhaps (Mn,Si) 2 0 3 (71.5 per 
cent Mn) 

Pyrophanite (manganilmenite), MnTi0 3 

Pyrolusite (polianite), MnO» (60-63 per cent Mn) 

Manganomelane, MnO» (about 58 per cent Mn) 

Pyrochroite and backstromite, Mn(OH) 2 

Manganite, MnOOH (69 per cent Mn) 

Manganomelane consists of a series of, in part, amorphous miner- 
als (psilomelane, wad, cryptomelane), partly with adsorbed acces- 
sory elements (see under “Cycle of Manganese,” p. 650). Pyrolusite, 
manganomelane, and braunite are the most common oxide and hy- 
droxide minerals of manganese. Manganosite and pyrochroite (back- 
stromite) have no counterparts among the iron minerals. They are 
rather unstable. Pyrophanite, like geikielite, MgTi0 3 , is very rare. 

In its independent silicate minerals, manganese occurs nearly ex- 
clusively in the form of Mn 2+ ions. In its oxides, manganese, however, 
is often present as Mn 3+ ions and still more commonly as Mn J + ions. 

Rhodochrosite, MnC0 3 , with 61.7 per cent Mn, is the most impor- 
tant among the carbonate minerals of manganese. Among other man- 
ganese minerals containing complex anions, the following species 
are rich in manganese: wolframite (with 5-15 per cent MnO) and 
particularly hiibnerite, Mn[WOJ ; triphylite and lithiophilite, 
Li(Mn 2 +,Fe 2+ )[P0 4 ]; and triplite, (Fe 2 +,Mn 2 +) 2 [F|P0 4 ]. There are 
also chloride, arsenite, arsenate, antimonate, vanadate, borate, and 
sulfate minerals of manganese, such as scacchite, MnCl 2 ; trigonite, 
Pb 3 MnH[As0 3 ] 3 ; sussexite, MnHB0 3 ; sarkinite, Mn[0H|As0 4 ]; 
pyrobelonite, PbMn[OH [ V0 4 ] ; and mallardite, Mn[S0 4 ] -7H 2 0. - 

The manganese sulfide alabandite, a-MnS, contains 63.2 per cent 
Mn. It belongs structurally to the galena type. Alabandite is found 
in some hydrothermal veins. In the meteorites the manganese sul- 
fide forms isomorphic mixtures with oldhamite, CaS, and a corre- 
sponding calcium-manganese sulfide may be present also in metal- 
lurgical slags. Another manganese sulfide is hauerite, MnS 2 , which is 
isotypic with pyrite and rather rare. 
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MANGANESE IN IGNEOUS ROCKS 
The manganese minerals mentioned in the previous paragraph are 
only seldom found as primary constituents of igneous rocks formed 
during the main stage of crystallization. They are generally constitu- 
ents of metamorphic and sedimentary rocks. The reason for this man- 
ner of occurrence is that during the formation of igneous rocks man- 
ganese usually, during the main stage of crystallization, does not be- 
come enriched enough to be able to form independent minerals. Such 
minerals are formed only when the manganese content of the melt is 
exceptionally high. By far the greatest part of the manganese present 
in igneous rocks is concealed in the structures of other rock-making 


TABLE 31.2 

Content of MnO and FeO and the MnO:FeO 
Ratio in Igneous Rocks 


Rock 

MnO 

FeO 

: MnOrFeO 

Per Cent 

i 

Gabbro . . 

0.15 

S.6 

0.0X7 

Diorite . 

0 09 

6 0 

0 015 

Granite ... 

0 05 

2 9 

0 018 

Granite pegmatite . 



1 


minerals. This manner of occurrence is one of the features charac- 
terizing the geochemistry of manganese. 

In igneous rocks manganese, in the first place, accompanies iron. 
The average chemical composition of the various classes of igneous 
rocks calculated by Daly (1933; see Table 5.32) shows that the con- 
tent of manganese is rather stable, and a higher content is present 
only in the ultrabasics, such as dunites and hornblendites. The man- 
ganese and iron content and the MnO: FeO ratios in some groups of 
igneous rocks are presented in Table 31.2, which is based on a paper 
of Otto (1936). In addition, the average content of manganese in the 
various classes of calc-alkalic igneous rocks is presented in Table 
31.3, which is based on the analyses published by Hevesy, Merkel, 
and Wiirstlin (1934). 

The values presented in Tables 31.2 and 31.3 show that the 
MnO : FeO ratio in rocks formed during the main stage of crystalli- 
zation is very stable and that the manganese content of silicic rocks 
is somewhat lower than that of subsilicic rocks. However, the content 
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of ferrous iron also decreases simultaneously. In its behavior during 
the magmatic crystallization, manganese differs markedly from 
chromium, for instance, which is very pronouncedly concentrated in 
the early crystallates. There is, further, a difference between the be- 
havior of iron and that of manganese which is shown by the notable 
degree of concentration of manganese in the late magmatic crystal- 
lates — pegmatites and pneumatolytic rocks. This difference is caused 
by the size of the Mn 2+ ion, which is incorporated in both magnesium 
and calcium silicates with considerable difficulty. As a result of the 
concentration of manganese, the MnO:FeO ratio increases very 
strongly in pegmatites (Table 31.2). The change is also illustrated by 
the values calculated by Goldschmidt (1929) for the Mn:Fe ratio in 
olivines from the early crystallates (about 1:80) and in biotite, the 
last ferromagnesian silicate to crystallize during the main stage of 
differentiation (from 1:30 to 1:15). 

TABLE 31.3 

Content of Manganese in Igneous Rocks 


Peridotites, eclogites, dunites . . . 1 , 060 

Ultrabasic rocks 1 , 120 

Diorites ... 1 , 230 

Granites . . 965 

Greisen .... . . . . . . 1 , 100 


As a result of the enrichment in manganese, pegmatites and rocks 
of pneumatolytic origin often contain a number of oxide, phosphate, 
and silicate minerals rich in this metal. Along with the phosphates 
mentioned in the preceding paragraph, there occur in granite peg- 
matites natrophilite, Na(Mn 2+ ,Fe 2+ ) [P0 4 ] ; manganoan columbite 
and tantalite, with up to 16 per cent MnO; and other manganese- 
bearing columbium and tantalum oxides. Spessartite occurs in aplitic 
granite pegmatites. The wolframites of pneumatolytic tin-tungsten 
veins are rich in manganese. Hydrothermal veins often carry rhodo- 
chrosite or siderite high in manganese (mangansiderite). Manganese 
is also present in thermal waters, and sometimes it is deposited by 
hot springs. Hydrothermal solutions, when brought into contact with 
oxygen-bearing ground waters, may deposit manganese as dioxide. 

Astro^hyffite, (K 2 ,Na 2 ,Ca)(Fe 2 +, Mn 2 +) 4 (Ti,Zr)[0H|Si 2 0 7 ] 2 , with 
3.5-12.5 per cent MnO, is found in nepheline syenite pegmatites. 
Alkalic rocks usually contain more manganese than do the calc- 
alkalic rocks. 


644 



MANGANESE 

The manner of occurrence of manganese in igneous rocks depends 
on its ability to replace other cations diadochically. Manganese oc- 
curs in three states of oxidation in mineral structures, viz., as bi-, 
tri-, and quadripositive ions. The radii of these ions, as compared 
with those of some other ions, are the following: 


Mn 2 + 0.91 kX 
Fe 2r , 0.83 kX 
Mg 2 % 0.78 kX 
Zn 2+ , 0.83 kX 
Ca 2+ , 1 06 kX 


Mnh 0.70 kX 
Fe 3 n 0.67 kX 
Al 8+ , 0 .57 kX 

Cr 3+ , 0.64 kX 


Mnb 0 5-2 kX 


In igneous rocks manganese is present almost exclusively as Mn 2r 
ions. Because of the low redox potential of natural silicate melts, 
bivalent manganese is the only state of oxidation of manganese which 
is stable at temperatures prevailing during the crystallization of such 
melts. Tri valent manganese, as a rule, is but rarely present in igneous 
rocks. According to Otto (1936), only some pneumatolytic and hy- 
drothermal minerals contain manganese in this state of oxidation, 
e.g., manganandalusite and viridine, (Al,Fe,Mn)2[0|Si0 4 ], in which 
it replaces ferric iron, aluminum, and, partly, chromium. Quadri- 
valent manganese is the dominating form in sediments and sedimen- 
tary rocks. 

The ionic radii listed above show that the bipositive manganese ion 
is able to replace diadochically the following ions : Fe 2 % Mg 2 +, Zn 2 +, 
and Ca 2+ . The replacement of Fe 2 + by Mn 2+ is the most common and 
geochemically the most important among the various possibilities. 

The dark silicate minerals which contain hydroxyl groups in their 
structures are the highest in manganese. Thus biotite contains up to 
1 per cent MnO and hornblende 0.3 per cent. In general, these chemi- 
cally and structurally rather complicated minerals tend to collect a 
number of accessory elements in their structures. High contents of 
manganese are sometimes reported also in a number of other silicate 
minerals, e.g., 3 per cent MnO in almandite, 2 in tourmaline, 0.6 in 
pyrope, 0.4 in augite, and 0.1 in muscovite. In magnetite and ilmen- 
ite, the most common opaque constituents of igneous rocks, the aver- 
age manganese content, however, is decidedly lower, although mag- 
netite is reported to carry sometimes as much as 1.5 per cent MnO. 

Along with the Mn 2+ -Fe 2+ diadochv, the Mn 2+ -Mg 2 ^ diadochy is 
also possible, but the degree of the replacement is less complete in 
this case because the difference of the dimensions of the ions is greater 
than in the previous instance. Consequently, the magnesium miner- 
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als low in iron are low in manganese as well. Another possibility of 
replacement is the Mn 2+ -Zn 2+ diadochy, which, however, is mainly of 
only mineralogical interest. Manganese is incorporated in sphalerite, 
and the highest content is found in sphalerites formed at elevated 
temperatures (Oftedal, 1940). The diadochy between Mn 2+ and 
Ca 2+ , although possible, is geoehemically unimportant. It is found in 
apatites. According to Otto (1936), the manganese content of apa- 
tites from the various classes of igneous rocks is as given in the ac- 
companying tabulation. These values show that the apatites found 


Source of Apatite (Per Cent) 

Gabbro 0.1 

Granite . 0 3 

Granite pegmatite . .. 3.4 

Syenite . . 0.2 

Nepheline syenite. . . . ... 0.2 


in granite pegmatites are very rich in manganese, which is another 
result of the enrichment of manganese in these rocks. According to 
Haberlandt (193S), pegmatitie and pneumatolytic apatites from 
residual magmas are extremely rich in manganese and may contain 
up to 9 per cent MnO. Contrary to the case with apatites, man- 
ganese is unable to replace calcium in the feldspars and in the felds- 
pathoids. This is well explained by the thermochemical considera- 
tions of Schiebold (1931). 

In the series of Fournet and Schiitz, which establishes the affinity 
of the metals for sulfur (see chap. 36), manganese precedes all other 
metals, iron among them. Although its affinity for sulfur is higher 
than that of iron, it is not a very conspicuous constituent of magmat- 
ic sulfide segregations. According to Noddack and Noddack (1931), 
the manganese content of primary magmatic sulfides is 800 g/ton. 
The sulfides alabandite and hauerite are found in mineral veins and 
do not belong to the early sulfide assemblages separated from rock 
melts. In addition, pyrite and pyrrhotite, the most common iron 
sulfides, are usually nearly totally devoid of manganese. Therefore, 
it may be concluded that the Mn 2 +-Fe 2+ diadochy is rather uncom- 
mon in sulfide minerals. The absence of manganese in the magmatic 
sulfide segregations, according to Otto (1936), is due to the fact that 
the manganese sulfide, MnS, is more readily soluble than is the iron 
monosulfide, FeS. Therefore, manganese will not become separated 
as sulfide in noteworthy quantities in spite of its higher affinity for 
sulfur. 
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CYCLE OF YL1NGANESE 

During weathering, manganese is dissolved mainly as the bicar- 
bonate, Mn(HC0 3 ) 25 and behaves in this respect like iron ! kee chap. 
33). The sulfate, MnSG 4 , is present in weathering solutions only in 
small quantities. Because the content of manganese In igneous rocks 
is lower than that of iron, manganese is usually scarcer than iron in 
the weathering solutions. Actually, manganese is dissolved in carbon 
dioxide- and sulfate-bearing waters more readily than iron is, and the 
manganous compounds are more stable in solution than are the fer- 
rous compounds. In carbonate-bearing waters the Mn : Fe ratio is 
about 5:1 and in sulfate-bearing waters about 1:1. Because of the 
higher stability of manganous bicarbonate, manganese may, under 
favorable conditions, become somewhat enriched in the weathering 
solutions with respect to iron. The decomposition of the bicarbonate 
leads to the formation of Mn 44- compounds. In the zone of weather- 
ing the carbonate is directly converted into manganic oxides and 
hydroxides. In this respect manganese behaves like iron, and the for- 
mation of the hydroxides is an important step in the cycle of the two 
metals. The general rule is that both iron and manganese go into 
solution at low redox potentials and are precipitated at high ones. 

Manganese is most soluble in acid solutions when in the bivalent 
state. Manganous bicarbonate is stable in solution under reducing 
circumstances, e.g., when humic compounds are present. Humic com- 
plexes are consequently of importance in the transportation of man- 
ganese (Aschan, 1932) . Bivalent manganese is readily oxidized to the 
quadrivalent state when the weathering solutions are brought into 
contact with atmospheric oxygen or dissolved oxygen in lakes or in 
shallow near-shore waters in the sea. The oxidation may already have 
taken place in the original weathering solution. The quadrivalent 
manganese remains first in solution as a colloidal hydroxide, probably 
stabilized by organic colloids. Under proper circumstances, manga- 
nese is precipitated as Mn(OH) 4 or finely divided Mn0 2 . The precipi- 
tation is nearly quantitative and often takes place in fresh waters. 
Most of the remaining manganese is removed in brackish water at the 
river mouths in the sea. Therefore, the content of manganese in sea 
water is very low. Manganese is also precipitated when carbon di- 
oxide is removed from the bicarbonate by the action of bacteria or 
by oxidation. Bacteria may also utilize the organic substances acting 
as protective colloids. In these instances manganese Is precipitated 
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either as carbonate or as hydroxide. The manganese precipitated by 
the processes discussed is deposited quantitatively in the oxidate 
sediments, often in the form of concretions, nodules, and slabs. Its 
content in the hydrolyzates and precipitates is small and is negligible 
in the evaporates. 

Under reducing conditions the precipitated manganese hydroxide 
may again pass into solution. The most favorable conditions for a 
nonreversible precipitation of manganese include oxidizing environ- 
ments (relatively high redox potential) and the presence of small 
quantities of solid calcium carbonate (relatively high pH). 

In carbonate sediments manganese may become enriched in rela- 
tion to iron. The cause of the enrichment is the diadochic replace- 
ment of Ca 2+ by Mn 2+ in calcite, which takes place more readily than 
the substitution of Ca 2+ by Fe 2+ , owing to the smaller difference in 
the ionic size of the former two metals. 

In the deep-sea sediments, manganese as MnC0 3 is rather com- 
mon, but the bulk is present as the dioxide, Mn0 2 . Correns ( 1941 ) 
has suggested that a biological extraction from sea water is respon- 
sible for the accumulation of manganese in deep-sea deposits, and 
Kuenen ( 1941 ) advocated chemical precipitation for the same pur- 
pose. According to Correns, manganese, like iron, promotes the 
growth of diatoms, wdiich adsorb it on their surface. Manganese is 
deposited in the calcareous shells of the foraminifers feeding upon the 
diatoms, and it replaces calcium diadochically in the calcite structure 
of the shells. Manganese is enriched in the shells by a factor of about 
100,000 (calculated for MnO). When calcium carbonate dissolves 
from the red clay, manganese becomes enriched in relation to iron 
because ferric hydroxide remains suspended and may migrate, con- 
trary to manganese, which is more readily precipitated and concen- 
trated. However, Pettersson ( 1945 ) emphasized the higher stability 
of manganese compounds, as compared with those of iron, when dis- 
solved or suspended in sea water. According to Pettersson, the ad- 
sorption of manganese on volcanic dust is more important than its 
biological precipitation with plankton or its inorganic precipitation. 
The deep-sea manganese cannot, totally or largely, come from sea 
water. Submarine volcanic eruptions form the main source of man- 
ganese deposited on the ocean floor, and this element is released by 
submarine weathering, which is activated by the generation of hy- 
drochloric acid, which dissolves more manganese than iron from the 
submarine lavas. 
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A comparison of the chemical behavior of iron and manganese at 
different states of oxidation reveals that bivalent manganese, like bi- 
valent iron, does possess relatively strong basic properties and con- 
sequently remains in aqueous solution even in the presence of weak 
and dilute acids, whereas tri- and quadrivalent manganese, in analogy 
with trivalent iron, are so weakly basic that their compounds are 
largely or totally hydrolyzed in waters on the Earth’s surface. There- 
fore, the oxidation of bivalent manganese results in the precipitation 
of quadrivalent manganese as hydroxide in aqueous solution. 

The foregoing discussion shows that the cycle of manganese re- 
sembles that of iron in its essential features. Manganese, like iron, is 
enriched in the hydrolyzate residue formed in lateritic weathering. 
The two metals are concentrated mostly in oxidate sediments. They 
are nearly totally absent in sediments formed as a result of solution 
and reprecipitation or crystallization. Their content in sea water is 
very low. 

In oxidate sediments iron and manganese, however, are separated 
from each other more or less completely. This is partly caused by the 
fact that the affinity of manganese for oxygen is lower than that of 
iron. Therefore, iron is readily oxidized to the ferric state and subse- 
quently precipitated as ferric hydroxide, whereas manganese remains 
in solution until the bulk of the iron is precipitated. The separation 
of iron and manganese may, however, follow a different course. Ferric 
hydroxide, Fe(OH) 3 , is weakly basic, whereas manganic hydroxide, 
Mn(OH) 4 , has a weakly acid character. Therefore, the Fe(OH) s hy- 
drosol is positively charged and the Mn(OH) 4 hydrosol negatively 
charged. This basic difference in the properties of colloidal ferric and 
manganic hydroxide is the essential cause of the formation of iron- 
poor or iron-free manganese deposits. If the two sols are brought into 
contact with each other, their charges are neutralized, and they 
flocculate together. Thus a mixture of the hydroxides is formed. 
When there is an excess of one of the sols, the less abundant sol will 
be recharged. The hydrosols are able to migrate in ground water and 
surface waters under suitable conditions. 

If a colloidal solution containing ferric and manganic hydroxide is 
brought into contact with an electrolyte, the separation of the two 
metals, according to Behrend (1924), starts with the coagulation of 
the bulk of the manganic hydroxide, while iron still remains, largely 
or entirely, in solution. Behrend’s laboratory experiments showed 
that the addition of electrolytes to solutions containing an excess of 
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iron over manganese always caused the separation of a mixture of the 
hydroxides rich in manganese first, followed later by a great quantity 
of an iron-rich mixture of the hydroxides. Oxidate sediments rich in 
manganese and containing varying amounts of iron are produced by 
this process in Nature, such as the lake and bog iron ores (see chap. 
33). Micro-organisms evidently play a part in their formation 
(Aschan, 1932), but the details of this process are not definitely 
known. The observations on some lake iron ores of Finland (Aarnio, 
1917) established the fact that the separation of iron and manganese 
may assume a decidedly local character and that nearly pure ferric 
hydroxide may become deposited in certain parts of the bottom of a 
lake, whereas in other parts the ore is very high in manganese. 

The Mn(OH) 4 and Mn0 2 sols and gels, being negatively charged, 
readily adsorb cations present in solution, as has been shown by 
laboratory experiments. Owing to its acid character, manganic hy- 
droxide may also form adsorption compounds, such as BaMn 2 0 5 , 
Mn 2+ Mn 4 +0 5 , and others. Consequently, the oxidate sediments rich 
in manganese often contain notable amounts of the following ele- 
ments: Li, K, Ca, Ba, B, Ti, Co, Ni, Cu, Zn, Tl, Pb, W, and many 
others. Manganese-rich bog ores may contain as much as 2.4 per cent 
Zn; 4.88 per cent W0 3 is reported in psilomelane and 8 per cent Zn in 
cryptomelane. Wad may contain 2.82 per cent NiO, 8.33 per cent 
CoO, 9.53 per cent BaO, and up to 14 per cent CuO. 

Unlike ferric hydroxide, which is able to retain a part of its hy- 
droxyl groups, manganic hydroxide is soon decomposed into the per- 
oxide, Mn0 2 , and water. The peroxide is the most common and most 
abundant of the compounds of manganese found in Nature. Pyro- 
lusite contains 1-2 per cent H 2 0, psilomelane 4-6 per cent, and wad 
up to 21 per cent. Most of the water in wad is adsorbed. The meta- 
stable Mn(OH) 3 so far has not been reported to occur as a mineral. It 
may also be oxidized to Mn(OH) 4 or become converted into man- 
ganite, MnOOH, by a partial dehydration; this mineral corresponds 
to goethite, a-FeOOH, in composition. Complete dehydration leads 
to braunite, which corresponds to hematite. Manganous hydroxide, 
Mn(OH) 2 , like ferrous hydroxide, Fe(OH) 2 , is unstable and is con- 
verted into Mn(OH) 3 , perhaps still more rapidly than Fe(OH) 2 into 
Fe(OH) 3 . 

There is still another possibility of the separation of iron and man- 
ganese on the Earth’s surface, viz., by the action of solutions con- 
taining ferrous or ferric sulfate, derived from the weathering of iron 
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sulfides, on iron- and manganese-bearing carbonates or oxidate sedi- 
ments. The process, represented by the equation 

6FeS0 4 + 3Mn0 2 + 6H 2 0 Fe 2 fS0 4 ) s - 4Fe / OH ;3 - SMnS0 4 , 

causes the extraction and migration of manganese, with a corre- 
sponding enrichment of iron. Manganese, when reprecipitated, may 
form deposits of considerable purity. In the presence of limestone, 
ferrous and ferric sulfate react therewith and produce carbon dioxide, 
ferric hydroxide, and calcium sulfate. The reaction between man- 
ganous sulfate and limestone requires the presence of atmospheric 
oxygen and results in the separation of hydroxides and oxides of 
manganese. These processes may also lead to the separation of iron 
and manganese, but often only iron and manganese hydroxide sols 
of a relatively high stability are produced at the initial stages. 

Unlike iron monosulfide, manganese sulfide goes promptly into 
solution, as bicarbonate, under the action of carbon dioxide-bearing 
waters which contain humic substances. Mn0 2 precipitated during 
the oxidation of such solutions may be reconverted into sulfide; and 
thus the cycle may go on, finally leading to the migration of man- 
ganese and its separation from iron. 

The sedimentary minerals of manganese are oxides, hydroxides, 
and carbonates. Manganite, pyrolusite, manganomelane, and rhodo- 
chrosite are common in sedimentary deposits of manganese, but 
braunite and hausmannite are rare. It should be noticed that along 
with Mn 44 ~ there also occurs Mn s+ , probably derived from Mn 2+ 
compounds originally present: 

2Mn 3+ ^Mn 4 HMn 2+ 

(Behrend, 1924). Tripositive manganese occurs in manganite, braun- 
ite, and hausmannite in the weathering zone. Manganite is readily 
oxidized to the stable pyrolusite by atmospheric oxygen. Some man- 
ganous compounds, e.g., szmikite, Mn[S0 4 ] *H 2 0; mallardite, 
Mn[S0 4 ]-7H 2 0; and rhodochrosite, MnCO s , are also found in the 
oxidation zone. As a rule, they are more stable than the correspond- 
ing ferrous compounds. 

The content of manganese in sediments and their derivatives is 
illustrated by the analyses presented in Table 31.4. A comparison of 
the manganese content in the different iron ores of marine origin 
shows that manganese tends to become concentrated in the siderite 
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ores. The content of manganese in the red clay is considerably in ex- 
cess of the average content in igneous rocks. 

MANGANESE IN METAMORPHIC ROCKS 

Unlike ferric hydroxide and oxide, which in metamorphic proc- 
esses are readily converted into magnetite, Fe 3 0 4 , the manganese 
oxides and hydroxides only exceptionally form hausmannite, Mn 3 0 4 . 
Silicate minerals of manganese often result from the metamorphic 
changes, the reason being that the higher oxides of manganese have 

TABLE 31.4 

Content of Manganese in Sediments and Their Derivatives 


MateriaI (g/ton) 

Sandstones, composite (H. N. Stokes in Clarke, 1924) trace 
Shales, composite (H. N. Stokes in Clarke, 1924) .... trace 
Limestones, composite (H. N. Stokes in Clarke, 1924) 385 

Shales and phyllites, average (Hevesy, Merkel, and 

Wurstlin, 1934) 890 

Hydrolyzate sediments, average (Minami, 19355) . . 620 

Red clay, average (Hevesv, Merkel, and Wiirstlin, 

1934) 1,770 

Laterite-bauxite ores (Landergren, 1948) 800 

Bog iron ores, Finland (Landergren, 1948) 74,500 

Marine oolitic-siliceous iron ores (Landergren, 1948) . 1,600 

Oolites, Scania, Sweden (Palmqvist, 1935; calculated 

by Landergren, 1948) 1,800 

Marine siderite ores (Landergren, 1948) 2,600 

Siderites, Scania, Sweden (Palmqvist, 1935; calcu- 
lated by Landergren, 1948) 2,800 


relatively low heats of formation. Accordingly, they are readily de- 
composed. The manganous oxide, MnO, formed as a product of de- 
composition, is more basic than, for example, ferric oxide, Fe 2 0 3 . 
Therefore, it reacts readily with silica to form silicates, chiefly 
rhodonite and, in the presence of an ample supply of alumina, spes- 
sartite. For similar reasons manganous carbonate, which is decom- 
posed more readily than calcium carbonate, is converted into sili- 
cates in metamorphic processes. 

Jakob (1933) found that manganese silicates containing Mn 3+ are 
always younger than those with Mn 2+ , because hydrogen peroxide is 
liberated by acid solutions from MnOo and the hydrogen peroxide 
reduces manganese to the bivalent state in acid solution. Therefore, 
the Mn 3+ silicates can form only after no more hydrogen peroxide is 
produced. 
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MANGANESE IN THE BIOSPHERE 

Manganese is essential to both plants and animals. It is present in 
all plants, and its content varies according to that of the soil. 
Mitchell (1944) reports a manganese content of 200 g, ton upward in 
the soil. Manganese is a factor in plant growth, but an excess is defi- 
nitely toxic. Many aqueous plants are able to accumulate manganese 
as Mn(OH) 4 . Manganese has a role in the reduction of nitrates, both 
in green plants and in green algae. It is enriched in coal ashes, but the 
degree of enrichment is rather low (Goldschmidt and Peters, 1983c). 

Manganese is a microconstituent of higher animals. It is an en- 
zyme activator and has a role in bone development, in growth, and 
in reproduction. Marine animals are richer in manganese than the 
terrestrial animals are. A mussel, Pinna squamosa , contains a man- 
ganese protein compound, pinnaglobulin, in its blood. 

MANGANESE ORES 

The decomposition of rocks rich in manganese causes the forma- 
tion of hydroxides and oxides of this metal, with a resulting enrich- 
ment. This process takes place in the oxidation zone near the surface 
and is promoted by a warm and humid climate. 

The manganese-rich oxidates form the most important ores of 
manganese. Their mineralogical composition is frequently rather 
complicated. Manganese dioxide as pyrolusite, manganomelane, and 
wad is the most important constituent of these deposits. Other oxides 
and hydroxides, e.g., braunite, manganite, and hausmannite, are less 
important. Rhodochrosite may also form deposits of technical impor- 
tance, and manganese-bearing limonite and siderite are sometimes 
used as manganese ores. The importance of the manganese silicates 
is small. 

The biggest and most important manganese deposits in the world 
are those in the Chiaturi district of Caucasia in Russia. They consist 
essentially of pyrolusite. Some deposits in Cuba resemble the Cauca- 
sian manganese ores. 
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RHENIUM 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

R HENIUM, along with the short-lived radioactive elements, is 
j remarkable for its very low cosmic abundance. It has not been 
detected in the solar atmosphere. Its geochemical behavior was in- 
vestigated by Noddack and Noddack (1931a, 1934). The abundance 
of rhenium in meteorites and igneous rocks is presented in Table 32.1, 
which is based on information given by the above-mentioned sci- 
entists. 

TABLE 32.1 

ABUNDANCE OF RHENIUM 

Material (g/ton) 

Meteoritic irons 0 .0082 

Troilites 0.001 

Silicate phase of meteorites 0 .0008 

Chondrites 0.0023 

Igneous rocks ... 0.001 

Rhenium and manganese belong to the same subgroup of the 
Periodic System. Therefore, the chemical properties of rhenium re- 
semble those of manganese in many respects. However, the manner 
of occurrence of rhenium in Nature differs sharply from that of 
manganese. The abundance figures given in Table 32.1 show that 
rhenium is, contrary to manganese, strongly siderophile, a result 
corroborated by its manner of occurrence in the upper lithosphere. 
Rhenium does not follow manganese at all but is found in the com- 
pany of molybdenum, to which it bears a resemblance in certain of 
its chemical properties. 

The radioactive rhenium isotope, Re 187 , is a natural /3-emitter 
with a half-life of 4-10 12 years. Its stable decay product is the 
osmium isotope. Os 187 . 

RHENIUM IN IGNEOUS ROCKS 

Geochemically, the most characteristic feature of rhenium is its 
strongly dispersed manner of occurrence. Its very low abundance and 
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chemical similarity with many of its neighbors in the Periodic System 
are displayed by the fact that it never forms independent minerals 
but is always concealed, in small amounts, in the structures of other 
minerals. According to Xoddack and Xoddack (1931a the most part 
of rhenium, like that of many other siderophile metals, is separated 
from the crystallizing magma in the early sulfide fraction, in which 
rhenium, owing to its pronounced affinity for sulfur, is notably con- 
centrated. Consequently, the early-separated oxide and silicate min- 
erals are poor in rhenium, the content being less than 0.0001 g ton 
in eclogites and in other early magmatic rocks and minerals. Similar- 
ly, the rhenium content of the early-separated platinum metals is 
low. The only exception to this rule is chromite, which often has a 
content of 0.02 g/ton Re. The early magmatic sulfides of the pyr- 
rhotite-pentlandite paragenesis contain, on an average, 0.02 g ton 
Re, or approximately twenty times as much as the average rhenium 
content of igneous rocks. In the upper lithosphere, rhenium seems to 
be a sulfophile element. 

Minerals separated during the main stage of crystallization have 
an average content of 0.001 gj ton Re (Xoddack and Xoddack, 
1931a). A notable concentration of rhenium occurs in pegmatites 
and, partly, also in pneumatolytie rocks, the maximum being met in 
columbates, tantalates, thortveitite, zircon, and particularly gado- 
linite, Y 2 Fe[0| BeSiOJs. Xoddack and Xoddack report up to 1.1 
g/ton Re in gadolinite and an average of 0.015 g/ ton in a composite 
sample of Norwegian columbate- and tantalate-bearing pegmatites. 
In all these minerals rhenium is enriched well above its average con- 
tent in igneous rocks. The hydrothermal rocks, on the other hand, are 
low in rhenium. According to Xoddack and Xoddack, hydrothermal 
sulfides formed at low temperatures are low in rhenium, whereas rela- 
tively high contents are found in some hydrothermal selenides. Dur- 
ing the later stages of crystallization rhenium is present as the rela- 
tively stable perrhenate ion, [Re0 4 ]“, being separated, as sulfide, only 
in the presence of heavy metals, although small quantities may be- 
come accommodated in the structures of columbate, tantalate, 
molybdate, and tungstate minerals. 

The highest rhenium content found in any mineral is 0.25 per cent 
Re in a molybdenite from Lainejaur, Sweden (Aminoff, 1943). The 
high rhenium content of molybdenite has already been recorded by 
Xoddack and Xoddack (1931a). The explanation is the isomorphism 
of molybdenum sulfide, M 0 S 2 , and rhenium sulfide, ReS 2 , and the 
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similarity of the ionic radii of Mo 4+ (0.68 kX) and Re 4+ (0.56 kX). 
As is well known, molybdenite is most abundant in pegmatites and 
pneumatolytic rocks. 

CYCLE OF RHENIUM 

The cycle of rhenium is known very incompletely. During weather- 
ing, rhenium goes into solution as soluble perrhenate. The resistates 
and hydrolyzates are practically free of rhenium ; the content report- 
ed by Noddack and Noddack (1931a) is less than 0.001 g/ton. Rheni- 
um, as perrhenate, is evidently present in sea water, although the 
concentration must be very low. The evaporates contain less than 
0.001 g/ton Re. On the other hand, rhenium seems to become nota- 
bly concentrated in bituminous sediments, especially in sulfur-bear- 
ing oozes, like many other heavy metals. Goldschmidt (19376) has 
found 0.01 per cent Re in the molybdenite from Kupferschiefer at 
Mansfeld in Germany; but this evidence is not conclusive because 
the mineralization of these shales is believed to be largely caused by 
the introduction of postdiagenetic hydrothermal solutions. So far, the 
Kupferschiefer has been the only known commercial source of rheni- 
um which was recovered, as a by-product, during the metallurgical 
treatment of the Mansfeld ores. 

Information regarding the biogeochemistry of rhenium is lacking 
altogether. 
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IRON 


ABUNDANCE AND GEOCHEMICAL CHARACTER 

I RON is the chief member in a series of elements consisting of 
titanium, vanadium, chromium, manganese, iron, cobalt, and 
nickel, which have the atomic numbers from 22 to 28, inclusive. 
Goldschmidt (1929) called this series the iron family. The name 
adopted by Landergren (1943) is the ferrides. As in the lanthanide 
series and in the transuranium elements (see chaps. 18 and 46), the 
incorporation of new electrons in the ferrides takes place in deeper 
shells, and the outer shells remain intact. This property causes the 
marked chemical similarity of the elements belonging to such series. 

Figure 2.2 shows that iron and magnesium, among all metals, have 
the highest cosmic abundance. Iron is twice as abundant as magne- 
sium in the solar atmosphere, and the same abundance ratio also pre- 
vails in the meteorites (see Table 2.3). The bulk of all meteorites con- 
sists of stones which carry considerably more magnesium than iron 
(see Table 1.3), but the pure irons are nearly totally devoid of magne- 
sium. In terrestrial igneous rocks, iron again is somewhat more than 
twice as abundant as magnesium. However, it is decidedly less abun- 
dant than aluminum. 

It is evident that iron, from a geochemical point of view, is the 
most important metal. Along with sulfur and oxygen, iron is the 
foundation of all considerations dealing with the geochemical char- 
acter of other elements. The abundance values of iron are presented 
in Table 33.1, and they show that the content of iron in the metal 
phase of the meteorites is higher than in the other two phases. The 
absolute abundance of iron in the metal phase is higher than that of 
any other metal. Therefore, iron is the prototype of the siderophile 
elements. Iron has a high affinity for sulfur, and consequently it is 
pronouncedly chalcophile. Considerable amounts of iron are present 
in the lithosphere, which shows the lithophile character of this metal. 
With reference to its terrestrial manner of occurrence, iron must also 
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be included in the group of the biophile elements; and in the upper 
lithosphere it is oxyphile. 

A general comparison of the geochemical properties of the elements 
belonging to the ferride group shows that their lithophile tendency 
decreases with increasing atomic number from titanium to nickel. 
The last three members of the group, viz., iron, cobalt, and nickel, 
have the most marked siderophile and chalcophile properties. 

IRON IN IGNEOUS ROCKS 

The earliest products of magmatic differentiation include oxide 
minerals of iron, which usually are titaniferous, and sulfide segrega- 
tions, which consist chiefly of the iron monosulfide, FeS. Therefore, 
it may be concluded that iron is the most common and the most im- 
portant constituent of the early magmatic nonsilicate segregations. 

TABLE 33.1 
Abundance of Iron 


Materia 1 (PerCent) 

Iron meteorites (Goldschmidt, 19376) . ... 90.5 

Troilites (Noddack and Noddack, 1930) 61.10 

Silicate meteorites (Goldschmidt, 19376) . ... 13 .04 

Igneous rocks (Goldschmidt, 19376) 5.00 


In the early-formed silicate rocks, viz., dunites, the content of iron 
is rather low, and magnesium preponderates over iron. According to 
the average chemical composition of the ealc-alkalie igneous rocks 
calculated by Daly (1933; see Table 5.32), the total iron content of 
the various classes is given in the accompanying tabulation. 


Rock 

Fe 

(Per Cent) 

D unite 

6 30 

Hornblendite. ... 

11.76 

Gabbro 

. 8 84 

Diorite 

5.63 

Granodiorite 

3.28 

Granite 

2.48 


These percentages show that the highest content of iron is met at 
the outset of the main stage of the crystallization, here represented 
by hornblendites. With proceeding differentiation, the content of 
iron decreases, but the decrease is not so pronounced as is that of 
magnesium (see chap. 5). Although both iron and magnesium are 
more abundant in basic rocks than in acidic rocks, the Fe:Mg ratio 
changes during the differentiation, and iron finally becomes enriched 
in regard to magnesium during the last steps of the main stage of 
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crystallization. This phenomenon was explained, on crystal chemical 
grounds, in chapter 5. 

Wickman (1943) pointed out that the content of ferric iron does not 
change much with proceeding differentiation. On the other hand, the 
content of ferrous iron decreases more sharply and is mainly respon- 
sible for the increase in the Fe 3+ /Fe 2 ' { " ratio. The Fe 3+ ion may be 
considered so immobile that it is taken up in a suitable structure 
under any conditions. The Fe 2+ ion becomes enriched in the melt with 
respect to Mg 2 +; but this phenomenon is probably somewhat ob- 
scured by the simultaneous oxidation of ferrous iron. In spite of the 
oxidation, the content of Mg 2+ decreases much more rapidly than 
does the content of Fe 2+ , and therefore, in an environment in which 
the oxidation of Fe 2+ cannot take place, the residual liquor will be 
rich in iron. The ferric iron produced during the differentiation is 
partly incorporated in silicate structures and partly in magnetite. 
The content of ferrous iron is always high enough to prevent the for- 
mation of hematite. 

Native iron is a rare constituent of igneous rocks, and it is found 
only in a few rocks, particularly in basalts, either as pure iron or al- 
loyed with nickel, e.g., as awaruite and josephinite. The iron-bearing 
rock-making minerals contain bi- and trivalent iron. The radius of 
Fe 2+ is 0.83 kX, and the radius of Fe 34 " is 0.67 kX. 

Owing to the difference in their ionic sizes, ferrous and ferric iron 
differ from each other with respect to their manner of occurrence in 
mineral structures; i.e., Fe 2+ accompanies Mg 24 ~ (radius 0.78 kX), 
which it replaces diadochically, but Fe 3+ usually substitutes for Al 3+ 
(radius 0.57 kX). The Fe 2+ -Mg 24_ diadochy in mineral structures is 
complete and continuous, whereas the Fe 3+ -Al 3+ diadochy is less ex- 
tensive because there is considerable difference in the sizes of these 
ions. The Fe 3+ -Al 3+ diadochy seems to occur on a more substantial 
scale only when aluminum occurs as a cation outside the silicon- 
aluminum network in the aluminum silicates, and not as a constitu- 
ent of a complex anion, replacing silicon within the oxygen tetrahedra 
of the aluminosilicates. 

According to the calculations of Clarke (1924), the feldspars are 
quantitatively the most important silicate minerals of igneous rocks. 
Schiebold (1931) has shown, on thermochemical grounds, that fer- 
rous iron cannot form a feldspar structure. The study of the system 
Fe0-Al 2 0 3 -Si0 2 has not revealed the presence of an artificial ternary 
compound. On the other hand, Schiebold pointed out that ferric iron 
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may form a feldspar structure. The experimental evidence furnished 
by P. Hautefeuille in 1880, by Hautefeuille and A. Perrey in 1888, 
and by Faust (1936) shows that ferric compounds corresponding to 
leucite and potash feldspar actually form in the ternary system 
K^O-Fe-iOs-SiCb. The iron content of the feldspars is low, with the 
exception of a ferriferous orthoclase from Madagascar, reported to 
contain 2.88 per cent Fe 2 Os; and therefore it is evident that the ferric 
feldspars and feldspathoids are not stable under the circumstances 
usually present in igneous rocks. It is possible that the hematite 
flakes which are often present in the feldspars and which cause the 
red color of aventurine and other feldspars were formed by the de- 
composition and exsolution of the ferric feldspars, which are at least 
partially isomorphic with the alkali feldspars and the plagioclases. 

It is evident that the bulk of iron in the igneous rocks is found in 
the dark constituents. The most important iron-bearing minerals of 
igneous rocks include the pyroxenes, the amphiboles, and the ferro- 
magnesium micas. Only the iron orthosilicate is known to crystallize 
in the system FeO-Si0 2 ; it is fayalite, Fe 2 [Si0 4 ], the iron end-member 
in the olivine group. The metasilicate of iron, which is the iron end- 
member of the series of the orthorhombic pyroxenes, does not crys- 
tallize from artificial silicate melts. This fact explains the petrograph- 
ic observation that enstatite, which is the magnesium end-member of 
the series of the orthorhombic pyroxenes, occurs in Nature as a rather 
pure compound, whereas the pure iron end-member, hypersthene, is 
unknown. The monoclinic pyroxene clinoferrosilite, Fe2[Si 2 0 6 ], is met 
in Nature, but evidently it crystallized at a low temperature, and it 
is only a mineralogical curiosity. No binary compound is known in 
the system Fe 20 3 -Si 0 2 . 

Along with the iron-bearing silicate minerals, sulfide and oxide 
minerals of iron are present in igneous rocks. According to Noddack 
and Noddack (1931a), the iron content of the primary magmatic 
sulfides, on an average, is 53.9 per cent. The sulfide and oxide miner- 
als of iron are accessory constituents of igneous rocks. The most im- 
portant species are the following : 

Magnetite, Fe 3 0 4 (72 A per cent Fe) 

Ilmenite, FeTi0 3 (36.8 per cent Fe) 

Pyrrhotite, FeS (60.4 per cent Fe) 

Pyrite, FeS 2 (46.6 per cent Fe) 

According to Newhouse (1936), magnetite is more abundant than 
ilmenite in salic and extrusive rocks, whereas ^rnenite predominates 
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over magnetite in femic rocks. The exsolution intergrowths magnet- 
ite-ilmenite are found in nearly all igneous rocks. There are several 
other exsolution intergrowths: the ilmenite-hematite intergrowths 
are rather common in granites, norites, and anorthosites; magnetite- 
ilmenite-spinel intergrowths occur chiefly in gabbros and norites. 

Newhouse’s calculations showed that pyrrhotite and chalcopyrite 
are the most common accessory opaque minerals of igneous rocks. 
According to Ramdohr (1940), magnetite is much more abundant 
than all the other opaque constituents. It forms, on an average, about 
half the total quantity of the accessory opaque minerals. Ilmenite 
comes next, being followed by pyrrhotite; but the other sulfides are 
less abundant. 

Ramdohr (1940) also found hematite, a-Fe 2 0 3 , as a constituent of 
igneous rocks, but it is uncommon, and its quantity is considerably 
lower than the quantity of magnetite and ilmenite. Ramdohr thinks 
that hematite found in igneous rocks usually is not a primary result 
of crystallization but rather has formed by various alteration proc- 
esses. 

During the crystallization of alkalic magmas, w 7 hich belong to the 
agpaitic type, iron, contrary to its behavior in the ealc-alkalic rocks, 
tends to remain in the residual melt. It becomes notably enriched 
during the pegmatitic stage of crystallization and gives rise to nephe- 
line syenite pegmatites, which consist mainly of dark iron-bearing 
minerals, such as the alkali amphiboles and pyroxenes. 

Along with the pyroxenes, amphiboles, and ferromagnesium micas, 
the igneous rocks contain a number of other iron-bearing minerals 
which, however, usually do not possess much geochemical impor- 
tance. Numerous iron minerals belong to the spinel group, viz., her- 
cynite, EeAl 2 0 4 ; magnesioferrite, MgFe 2 0 4 ; franklinite, ZnFe 2 0 4 ; 
jacobsite, MnFe 2 0 4 ; and trevorite, NiFe 2 0 4 . Also magnetite and 
chromite are members of the spinel group. Other oxide minerals of 
iron include columbite and tantalite (see chap. 26). Molysite, FeCh, 
and some other complex iron chlorides are rare constituents of vol- 
canic incrustations, but lawrencite, FeCl 2 , is found only in mete- 
orites. A number of sulfides and sulfosalts of iron occur in sulfide-ore 
bodies and in mineral veins. Siderite, FeC0 3 (48.2 per cent Fe) is 
present in hydrothermal veins. The phosphate minerals of iron in- 
clude, among others, triphylite, lithiophilite, and triplite (see chap. 
31); vivianite, Fe3 + [P0 4 ] 2 -8H 2 0, which is found in hydrothermal 
veins and also as a secondary mineral in bog iron ores and fossil cavi- 
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ties; and strengite, Fe 3 + [P 04 ] *2H 2 0. Like the phosphates, the ar- 
senates are numerous. Symplesite, Fejj+fAsC^ *8^0, corresponds to 
vivianite in composition. A number of iron-bearing borate minerals 
are known in pegmatites. The wolframates ferberite and wolframite 
were discussed in chapter 29. 

IRON IN THE BIOSPHERE 

Iron is a constituent of all living tissues, both vegetable and ani- 
mal. In green plants iron is a constituent of the ehloroplasts and is 
necessary for the formation of the chlorophyll. It affects the growth 
of the plants. Iron is often somewhat enriched in coal ashes. 

In the soil, ferric iron may oxidize organic matter and consequently 
becomes reduced to the ferrous state. Ferrous iron, in turn, may be 
reoxidized, and thus iron acts as a continuous oxidizing agent, which 
is partly responsible for the oxidation of carbon compounds into 
carbon dioxide. Consequently, iron plays the role of a catalyst in the 
cycle of carbon. 

A porphyrin derivative of iron is found in animal tissues. The 
blood of many animals contains an iron-bearing respiratory pigment: 
the green chlorocruorin occurs in the blood of some marine worms, 
the red hemoerythrin in some lower animals, the red erythrocruorin 
in many invertebrates, and the red hemoglobin in higher animals. 
Some enzymes are iron-bearing protein complexes. 

The foremost biological function of iron is its action in transporting 
oxygen in organisms during respiration from the environment to the 
oxidizable compounds of tissues. Hemoglobin is a chromoprotein 
which contains a complex iron derivative of a porphyrin. Hemoglobin 
is able to combine readily with oxygen to oxyhemoglobin without the 
oxidation of iron. Oxyhemoglobin dissociates just as readily into 
oxygen and hemoglobin and is responsible for the transport of oxygen 
in the blood. Iron acts as a catalyst in all cellular respiration. 

Some bacteria living in iron-bearing waters are characterized by 
a cell membrane impregnated with ferric hydroxide, which accumu- 
lates from water. According to previous belief, the energy needed by 
the life-processes of these bacteria was obtained from the oxidation 
of ferrous iron to ferric iron. However, it is now known that the 
metabolism of these bacteria does not differ from the metabolism of 
other micro-organisms. 

Humboldtine, Fe[C 2 0 4 ] * 2H 2 0, is a natural hydrous ferrous 
oxalate. 
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CYCLE OE IRON 

The cycle of iron and the cycle of the ferrides, in general, form one 
of the most important branches of geochemistry, both scientifically 
and technically. The most important step in the cycle of iron is the 
oxidation of ferrous to ferric iron by atmospheric or dissolved oxygen. 
The oxidation is the ultimate cause of the precipitation of iron and 
may lead to the formation of extensive iron deposits. The ferrous 
hydroxide, Fe(OH) 2 , is still rather strongly basic, whereas the basic 
properties of ferric hydroxide, Fe(OH) 3 , are so weak that ferric salts 
are hydrolyzed in natural waters under the formation of ferric hy- 
droxide. The primary factors affecting the manner of migration of 
iron are the presence or absence of oxygen and carbon dioxide. 

Both ferrous and ferric iron are present in igneous rocks. When 
oxygen is absent, ferrous iron is relatively readily dissolved in water 
containing carbon dioxide. Ferrous bicarbonate, Fe(HC0 3 ) 2 , is there- 
by formed, and it is partly dissociated in aqueous solutions. Ferrous 
carbonate, FeC0 3 , is precipitated when carbon dioxide is removed 
from solution, e.g., when the partial pressure of carbon dioxide di- 
minishes with diminishing atmospheric pressure; when carbon di- 
oxide escapes because of an increase in temperature; or when it is 
utilized by plants in photosynthesis. Precipitated ferrous carbonate 
is often found in bogs. 

When the sulfide minerals of iron are oxidized, ferrous sulfate and 
sulfuric acid are the first products to be formed: 

£FeS 2 + £H 2 0 + 70 2 2FeS0 4 + 2H 2 S0 4 . 

Sometimes ferrous chloride, FeCl 2 , may be present in the weathering 
solutions. However, compared with the content of ferrous bicarbon- 
ate in solution, the content of ferrous sulfate is small, and the content 
of ferrous chloride negligible. 

Surface waters are poor in ferrous bicarbonate, but in spring waters 
containing much carbon dioxide this compound may be rather 
abundant. 

Both ferrous carbonate and ferrous sulfate are unstable in the 
presence of atmospheric and dissolved oxygen and are likely to be- 
come converted into ferric compounds as soon as possible. Ferrous 
bicarbonate is decomposed into ferric hydroxide and carbon dioxide, 
probably with the partial action of bacteria. Ferric iron does not form 
a bicarbonate. Alkali carbonates in solution may precipitate ferrous 
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carbonate when brought into contact with dissolved ferrous sulfate. 
Ferrous sulfate and sulfuric acid react under the presence of oxygen 
to produce ferric sulfate, which is quickly hydrolyzed to ferric hy- 
droxide: 

4FeS0 4 + £H 2 S0 4 + O 2 -» 2Fe 2 <S0 4 ) 3 + 2H 2 0 ; 

Fe 2 (S0 4 ) 3 + 6H 2 0 -> 2Fe(OH) 3 + 3H 2 S0 4 . 

Micro-organisms may participate in the formation of sulfuric acid. 

Ferric hydroxide is partly dissociated, as follows: 

Fe(0H)s^Fe 3+ + 30H~ or 
Fe(OH) 3 [FeOH] 2+ + 20H~ . 

The [FeOH] 2+ ions are more important than the Fe 3+ ions. The solu- 
tion may contain Fe 3+ ions in notable amounts only if the pH is less 
than 3. However, ferric hydroxide readily forms colloidal solutions. 
Thus iron is transported into the sea either as Fe(OH) 3 sol in the 
presence of oxygen or as Fe 2+ ions in the absence of oxygen and in the 
simultaneous presence of carbon dioxide. The transportation as Fe 2+ 
ions is quantitatively more important than the transportation as col- 
loidal ferric hydroxide, but less important than as organic colloids 
or adsorbed thereon. 

Contrary to the alkali and the alkaline-earth metals, iron is not 
stable in weathering solutions. The comparison with manganese 
shows that the iron compounds formed during weathering are less 
readily soluble and less stable than the corresponding compounds of 
manganese. 

Magnetite and ilmenite are rather stable against weathering. They 
are largely collected in the resistates and may form local concentra- 
tions of iron therein. However, the oxide minerals of iron are partly 
converted into ferric hydroxide by the action of carbon dioxide and 
water. Ferrous carbonate is thereby formed as an intermediary 
product. 

In lateritic weathering under tropical and subtropical conditions, 
iron is collected as ferric hydroxide in the weathering residue, along 
with aluminum hydroxide. 

Ferric iron may be brought into solution after reduction to the fer- 
rous state. Hydrogen sulfide produced during the decay of sulfur- 
bearing organic compounds is one of the most important reducing 
agents met in Nature and is often present in small amounts in weath- 
ering solutions. In addition, organic solutions containing humic corn- 
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pounds also reduce ferric iron to soluble ferrous compounds. Humic 
complexes of iron, moreover, form colloidal solutions which are rath- 
er stable, and consequently iron is able to migrate in such a form. 
The content of iron in bog waters is higher than in other surface 
waters because stable humic complexes of iron are present therein. 

Iron in the presence of oxygen may occur as ferric ions only in acid 
solutions. Such solutions, with a pH less than 3, are rather uncom- 
mon in Nature. In all other cases, Ee 3+ is precipitated as ferric hy- 
droxide, first as a colloid. Atkins (1930) remarked that the precipita- 
tion of ferric hydroxide starts at pH = 3, whereas the precipitation 
of ferrous hydroxide starts at pH = 5.1. However, ferrous hydroxide 
is unstable and unknown as a mineral; it occurs only as a mixture 
with ferric hydroxide. Because the precipitation of ferrous hydroxide 
is still incomplete at pH = 7, ferrous salts can be transported in con- 
siderable quantities in natural waters, but ferric salts cannot. In lake 
and river waters the pH is 6. 5-7.0 except in calcareous regions, in 
which it is 8.0-8.4. In sea wrnter, the pH usually varies from 8.1 to 
8.4. Therefore, ferrous iron is no longer stable in solution in water 
from calcareous regions and in sea water. 

Ferric iron, being able to migrate in true solution only in acid 
waters, differs from aluminum, which may migrate both in acid and 
in basic solutions, being precipitated only in the neighborhood of the 
neutral point (see chap. 17). When an acid weathering solution is 
neutralized, ferric hydroxide is first precipitated, but aluminum re- 
mains in solution until a higher pH is reached. Consequently, iron 
and aluminum may become separated, even though the separation 
is not quantitative. 

Table 6.17 shows that the content of iron in sea water varies from 
0.002 to 0.02 g/ton. This is an exceedingly small value and shows 
that sea water is by far the most iron-poor substance found in Na- 
ture. The content of iron in the purest quartz sands is about 50 g/ton, 
or 2,500-25,000 times as high as the iron content in the sea. Table 
6.19 shows that the transfer percentage of iron is 0.00007, and there- 
fore it is evident that a very considerable decrease of the iron content 
takes place in the sea, notwithstanding the large amounts added to 
the sea in weathering solutions. Only a small part of iron liberated 
during the weathering ever reaches the open ocean. The bulk is de- 
posited in lake and bog iron ores, in oolitic iron ores, and in some 
iron-bearing silicates, such as glauconite and greenalite. 

Oxygen is always present in the upper layers of the sea. Therefore, 
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iron carried by the rivers is converted into colloidal ferric hydroxide 
upon reaching the sea. However, ferric hydroxide has usually al- 
ready been formed in river water. Therefore, a part of the iron in the 
sea is present as colloidal ferric hydroxide. More, perhaps the bulk, 
of iron is found in particulate form. According to Harvey (1937), it 
is also possible that iron forms colloidal and larger aggregates of ferric 
phosphate with the phosphates in solution in sea water. The content 
of ferric hydroxide in true solution in the sea is negligible, but sea 
water may contain ferric hydroxide sols which behave like real ions 
in the extremely low concentrations that are present. In addition, 
there might be ferric fluoride in solution, because the fluorine content 
of sea water is high enough to allow the formation of this compound 
and perhaps of other complex fluorides also. Ferric fluoride may be 
used by marine plants as a source of iron. Traces of iron may also be 
found in sea water in the form of organometallic compounds. How- 
ever, such complexes are unstable and are slowly hydrolyzed in sea 
water. 

The biological cycle of iron in the sea forms a part of its general 
cycle, presented in Figure 33.1, mainly according to Cooper (1935) 
and Landergren (1948). The iron content of the phytoplankton or- 
ganisms is relatively high and may be as much as 16 per cent of the 
total content of iron in sea water (Cooper, 1935). The phytoplankton 
organisms are able to utilize ferric hydroxide, and possibly also ferric 
phosphate and ferric fluoride, and to adsorb the insoluble ferric com- 
pounds as colloidal particles on their surface. Stable organic com- 
pounds of iron, on the other hand, probably cannot be utilized by 
plants. The plants are eaten by animals, and much of the iron returns 
to the sea in the excrement and upon the death of the animals. Thus 
iron again becomes available, in a reasonably short period of time, for 
the diatoms for another growth cycle. In spite of its low content in 
sea water, iron consequently supports the diatom population. As 
pointed out by Cooper (1935), marine diatoms must be very well 
adapted to use the traces of iron which are available in the sea. 

In an acid solution under reducing conditions, iron tends to go into 
solution. Alkaline solutions and oxidizing conditions are most favor- 
able for the precipitation of iron as ferric hydroxide. Like manganese, 
iron is preferably precipitated in oxidizing surroundings in the pres- 
ence of calcareous material. 

Ferrous iron preponderates over ferric iron in all classes of igneous 
rocks (see Table 5.32) because the amount of oxygen available in the 
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upper lithosphere does not suffice to oxidize the total of the electro- 
positive elements to their highest state of oxidation. In sediments and 
sedimentary rocks * on the other hand, ferric iron preponderates. 
TVith few exceptions the sediments are deposited in oxidizing sur- 



Metosomatism Metamorphism Re-fusion 


Fig. S3.1. — The cycle of iron 


roundings, and this fact explains the relatively high content of ferric 
iron in these sediments. 

The average iron content of igneous rocks calculated from Gold- 
schmidt (19376) and of the three main groups of sedimentary rocks 
calculated from Clarke (1924) is given in the accompanying tabula- 
tion. These values show that comparatively little iron is present in 
the resistates. The reason is that the femic constituents of rocks 
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which contain the bulk of iron present in igneous rocks usually de- 
compose during the weathering, and only such accessory constituents 
as ilmenite and magnetite remain unchanged. The iron content of the 
carbonate sediments is, at least partly, caused by impurities present 
in geochemically irrelevant surroundings. The hydrolyzate sediments 
are nearly as high in iron as are the igneous rocks, on an average. The 
iron content of the evaporates is very low, and iron-bearing salt min- 
erals, such as rinneite, K 3 Na[FeCl 6 ], and douglasite, K 2 [FeCl 4 ] *2H 2 0, 
are rare. The strongest concentration of iron takes place in the oxi- 
dates in which iron (and manganese) occur as the main constituent. 


Rock 

Igneous rocks . . . 

Sandstones 

Shales 

Limestones . . 


Fes03 
(Per Cent) 

7.15 

1.41 

6.73 

0.54 


The precipitation of iron in the oxidate sediments takes place in a 
manner analogous to the precipitation of manganese (see chap. 31). 
With reference to marine oxidates, red clay contains somewhat more 
iron than do the igneous rocks, on an average, but the difference is 
less pronounced than with manganese. 

The high iron content of the hydrolyzates is partly due to the pre- 
cipitation of ferric hydroxide. In addition, the ferric hydroxide sol is 
positively charged and consequently flocculates with negatively 
charged colloids, e.g., silica and humic complexes. Nontronite, 
F e 2 + [(OH) 2 1 Si 4 Oio] -nH 2 0, and other iron-bearing clay minerals may 
ultimately result in the reaction between colloidal silica and colloidal 
ferric hydroxide. Nontronite is a common constituent of various 
clays. 

Iron is also precipitated as sulfide in stagnant water in the presence 
of hydrogen sulfide and therefore may become incorporated in the 
hydrolyzates. The processes which produce hydrogen sulfide are bac- 
terial decomposition of sulfoproteins, bacterial reduction of sulfates, 
and bacterial action on free sulfur. In addition, sulfides may react 
with carbon dioxide and water to produce hydrogen sulfide. Both 
dissolved iron compounds, e.g., ferrous sulfate, and colloidal and 
precipitated ferric hydroxide react with hydrogen sulfide, and iron 
sulfide is thereby produced. This shows that the cycle of iron is linked 
with the cycle of sulfur (see Fig. 43.1). Both FeS and FeS 2 are pro- 
duced in the sulfuretum. However, the iron sulfides may also be 
oxidized: 

4FeS + 90 2 + 10H 2 O -> 4Fe(OH) 3 + 4H 2 S0 4 . 
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The oxidation proceeds unaided by micro-organisms under aerobic 
conditions. 

According to Newhouse (1927), marcasite is the principal form of 
iron sulfide arranged along stratigraphic planes in coal beds, whereas 
pyrite is the common form in other sediments. 

Ferric hydroxide and ferrous carbonate are the most common and 
most important forms of reprecipitated iron in the exogenic cycle. 
Iron is also precipitated as sulfide; as hydrous, ferrous, and ferric sili- 
cates; and as phosphate, e.g., anapaite, Ca 2 Fe 2+ [P0 4 ] 2 • 4H 2 0. Other 
minerals formed in the zone of weathering include arsenates, e.g., 
scorodite, Fe 3+ [As0 4 ] *2H 2 0, which is an alteration product of arsenic 
minerals, especially arsenopyrite ; vanadates; tungstates; and sul- 
fates, such as copiapite, MgFe 3+ [OH | (S0 4 ) 3 ]2 *18H 2 0, the most com- 
mon ferric sulfate; melanterite, Fe[S0 4 ] -7H 2 0, an alteration product 
of pyrite and marcasite; and jarosite, KFe 3 + [(OH) 6 | (S0 4 ) 2 ], a sec- 
ondary mineral of solfataric origin. Magnetite may occur as a rare 
oxidation product of ferrous sulfate in the zone of oxidation. Hema- 
tite is common as a weathering product of iron-bearing minerals, 
e.g., magnetite, siderite, and natural hydrous iron oxides. 

IRON ORES OF MAGMATIC ORIGIN 

Iron is separated in the early crystallates during the differentiation 
in the form of sulfide and oxide minerals. The iron oxides may form 
ore bodies of high technical importance, whereas the early-separated 
sulfide bodies, which belong to the pyrrhotite-pentlandite paragene- 
sis, are not classified as iron ores. On the other hand, the sulfides are 
important technical sources of nickel and copper and sometimes of 
the platinum metals. The presence of pyrrhotite is not always proof 
of a high temperature of crystallization, even though in the system 
Fe-S the monosulfide, FeS, is more stable at elevated temperatures 
and the bisulfide, FeS 2 , more stable at lower temperatures. Pyrrho- 
tite is also formed when sulfur is strongly deficient, e.g., in mineral 
veins rich in arsenic. 

The geochemically most important magmatic oxide ores of iron are 
the titaniferous iron ores, the chromite ores, and the magnetite ores 
rich in phosphorus. According to Landergren (1943), the average iron 
content of the titaniferous iron ores is 35.7 per cent Fe, and the aver- 
age content of magnetite ores found in gabbros is 55.9 per cent Fe. 
The average content in the Grangesberg apatite-bearing iron ore in 
Sweden is 59.0 per cent Fe. 
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Magnetite and ilmenite are the chief constituents of the titanifer- 
ous iron ores. The two minerals are sometimes found as independent 
grains, but usually there occur intimate admixtures consisting of il- 
menite laminae of varying thickness in magnetite grains. The mag- 
netite of igneous rocks is nearly always titaniferous (titanian magnet- 
ite), and in such magnetites Ti 4+ evidently diadochically replaces 
Fe 3+ , and, perhaps, partly Fe 2+ . However, the titanium-iron diad- 
ochy in the magnetite structure is not very extensive at low tem- 
peratures. If the decrease in temperature during crystallization is 
comparatively slow, ilmenite separates from magnetite in the form 
of oriented inclusions. According to Foslie (1928), the miscibility of 
ilmenite and magnetite is very low at all temperatures. On the other 
hand, the iron orthotitanate, Fe 2 Ti 04 , is isomorphic with magnetite 
and may form an extensive series of mix-crystals with it (the titanian 
magnetites). If there is an excess of Fe 2 0 3 with respect to Ti0 2 and 
FeO, the orthotitanate cannot be stable: 

Fe 2 Ti0 4 + Fe 2 0 3 — > FeTi0 3 -f- Fe 3 0 4 . 

Therefore, a titanium-poor magnetite is formed. At any rate, the iron 
orthotitanate is stable only at elevated temperatures. At lower tem- 
peratures it is decomposed : 

Fe 2 Ti0 4 -> FeTiOs + FeO , 

and the ferrous oxide is incorporated in silicate minerals. 

Chromite, FeCr 2 0 4 , is the main constituent of the chromiferous 
iron ores. Magnetite usually is nearly absent in the chromite 
ores. It is generally held that both titaniferous iron ores and chromite 
ores are magmatic segregations formed in an early stage of differen- 
tiation. 

The iron ores rich in phosphorus probably were formed during a 
comparatively late stage in the course of magmatic differentiation. 
They are usually rather pure magnetite ores which do not contain 
appreciable amounts of titanium and chromium. They run high in 
phosphorus and carry notable amounts of apatite (usually fiuorapa- 
tite), fluorite, and other minerals. Although the ore-forming materi- 
als were separated from the silicate melt in a rather early stage, they 
remained molten until the rocks of the main stage of crystalliza- 
tion solidified. The ore material subsequently intruded the solidified 
rocks as a fluid mass. Therefore, the iron ores rich in phosphorus ac- 
tually belong to the pneumatolytic formations. According to Lander- 
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gren (1943, 1948), these ores are not primary magmatic rocks at all 
but are formed during the remelting of iron-rich sediments and sedi- 
mentary iron ores. The regenerated melt was intruded as an ore 
magma rich in iron and phosphorus. Therefore, these ores are of a 
secondary magmatic origin. However, the possibility must also be 
considered that the original material of the apatite-bearing iron ores 
has been leached out from rocks by hydrothermal solutions, which 
thereby have become enriched in iron and phosphorus and which 
later were subjected to palingenetic processes. 

Landergren (1943) emphasized the fact that the enrichment of iron 
in the upper lithosphere is anomalous because it takes place in geo- 
chemically irrelevant surroundings. Actually, the terrestrial enrich- 
ment of iron should work toward the nickel-iron core. 

The formation of oxide ores of iron is a question not only of the 
enrichment of iron but also of the enrichment of oxygen to make the 
formation of the ore minerals possible (Landergren, 1948). Although 
oxygen, in general, is of atmospheric origin, a source of oxygen 
might be the volatile constituents: water and carbon dioxide, 
which react with ferrous iron during contact metamorphism, where- 
by magnetite is formed. Magmatic differentiation as a mechanism 
producing oxide ores of iron is regulated by the physical properties 
and chemical composition of the primary magma and by the mate- 
rial of exogenic origin which is incorporated. 

Landergren (1948) show r ed that the rule of Oddo and Harkins is 
not valid for the mass numbers 46-62 of the ferrides in igneous rocks 
and in iron ores, probably because the primary enrichment of iron 
takes place during the exogenic cycle. The secondary enrichment of 
iron takes place during the geological processes which give the prod- 
ucts of the exogenic enrichment the properties of an iron ore. The 
endogenic enrichment of iron may be considerable, e.g., from 48 to 
72 per cent Ee when siderite is converted into magnetite. The remo- 
bilization of iron during the endogenic cycle may take place under 
certain conditions, which depend on the composition of the iron- 
bearing material, the presence or absence of volatile constituents, and 
temperature. The following processes are connected in the transfor- 
mation of the iron-rich sediments and sedimentary rocks: contact 
metamorphism, metasomatism, and the formation of a secondary 
mineral facies by palingenesis. The formation of the titaniferous iron 
ores is connected with the crystallization of basic igneous rocks, but 
the relationship between the silicate and the oxide fractions may be 
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primary or secondary. Landergren suggested that the prerequisite for 
the formation of iron ores in general is the exogenic enrichment of 
iron. The exogenic cycle involves removal of oxygen from the atmos- 
phere, particularly by the oxidation of iron. When sediments and 
sedimentary rocks are metamorphosed and are subjected to thorough- 
going changes in anatexis, a part of the oxygen bound in ferric oxide 
and hydroxide is released and is available for the oxidation of other 
substances. Therefore, iron acts as a “respiratory pigment’ 5 in the 
upper lithosphere (see chap. 27). 

The magmatic iron ores in the wide sense of the term also include 
the contact metamorphic and metasomatic ores, which are formed 
particularly in the contact zones between silicate and carbonate 
rocks. Silicate magmas and their emanations react with the carbon- 
ate, giving rise to ore bodies consisting of magnetite and called 
skarn ores. 

IRON ORES OF SEDIMENTARY ORIGIN 

The iron-rich oxidate sediments which consist chiefly of ferric hy- 
droxide and also of ferric oxide are the most important iron ores of 
sedimentary origin. They are usually manganiferous (see chap. 31). 
The iron-rich oxidates are deposited either in fresh water or in the 
shallow 7 parts of the sea. The deposition in the sea is more important 
than the deposition in fresh water, in both geochemical and technical 
respects, when the extent of the deposits formed is considered. The 
marine oxidates are deposited from w r eathering solutions of continen- 
tal origin, and they are precipitated largely as gels. Ferric hydroxide 
may be formed only locally by the action of FeCl 3 and FeF 3 vapors 
on sea water in submarine volcanic processes. The texture and chemi- 
cal composition of marine oxidates varies very much. Often the ferric 
hydroxide has been precipitated in the form of concretions or round- 
ed nodules with concentric structure, called oolites; the matrix be- 
tween the oolites consists of earthy ferric hydroxide. Such is the tex- 
ture of the oolitic iron ores. According to Correns (1943), the iron- 
rich marine sediments, e.g., the Jurassic oolitic Minette ores of Al- 
sace-Lorraine in France and the Silurian Clinton-type deposits of the 
Appalachians in the United States, were originally deposited in oxy- 
gen-bearing sea water, in which the transportation of colloidal ferric 
hydroxide was so much in excess of other substances that sediments 
with 30-50 per cent Fe were deposited. However, a part of these ores 
may originally have been precipitated as ferrous carbonate from bi- 
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carbonate solutions in the absence of oxygen or as ferric hydroxide 
in the presence of oxygen. 

According to Correns and von Engelhardt (1941), goethlte (. Nadelei - 
senerz ), a-Fe 3+ OOH, is the most common mineral of the oolitic iron 
ores. Lepidocrocite (Rubinglimmer ) , 7 -Fe 3+ OOH, is rare, as Is hema- 
tite. Magnetite and maghemite, 7-Fe20s, are also present in the ores; 
and there occur quartz, siderite and other carbonates, and iron sili- 
cates, such as cronstedtite, Fe|HFe 2 + [(OH)s| Fe^ShOio], and mem- 
bers of the mica and chlorite groups. The generic name limonite is 
often used for mixtures of goethite and lepidocrocite. Although these 
two minerals are identical chemically and both crystallize in the 
orthorhombic system, their crystal structures are different. The silica 
present in the iron silicates of the oolitic iron ores was originally pre- 
cipitated as a gel. The silica sol is negatively charged and therefore 
may partly flocculate with the positively charged ferric hydroxide 
sol. Many elements are also found in the marine iron ores which w r ere 
originally incorporated by adsorption, e.g., vanadium, phosphorus, 
arsenic, antimony, and selenium. 

Correns (1941, 1942, 1947) remarked that the content of iron in 
sea water depends on the content of oxygen and on the pH. The con- 
tent of oxygen is high enough to oxidize all iron to the ferric state, 
and, because the pH always is higher than 6, iron Is precipitated as 
ferric hydroxide. Therefore, the content of iron in the sea is kept neg- 
ligible, and no sediments rich in iron may be expected to be deposited 
from such an iron-poor solution. The sea water during the earlier geo- 
logical periods was also low in iron, as is shown by the low content 
of iron in the oceanic salt deposits: a content of only 0.04 per cent 
Fe 2 0 3 in red carnallite causes a remarkably deep color. 

The material which is mechanically transported to the sea is low 
In iron. The iron content of river water is less than 1 mg/1. Conse- 
quently, it must be assumed that the marine iron ores are a result of 
weathering under very specific and temporary conditions which no 
longer exist. The amount of iron supplied to the sea during their for- 
mation must have been very large. 

The lake and bog iron ores contain ferric hydroxide (limonite), iron 
silicates, iron carbonate, and iron sulfide, along with various impuri- 
ties. Their phosphorus content usually is high, and they contain man- 
ganese in varying amounts (see chap. SI). A number of theories on 
the precipitation of iron in these sediments and in ortstein formations 
has been presented. The ferrous bicarbonate found in the carbon di- 
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oxide-bearing waters may be decomposed when carbon dioxide is 
removed, whereupon ferrous carbonate is precipitated and subse- 
quently converted into ferric hydroxide. Micro-organisms are be- 
lieved to play a role in this process. It is known, in addition, that 
ferrous salts have already been oxidized to ferric salts in the lakes 
prior to their migration to salt water. The humic substances present 
in water form iron complexes which are rather stable and consequent- 
ly may be transported long distances. When these complexes are 
brought into contact with atmospheric or dissolved oxygen, they are 
oxidized to carbon dioxide and ferric hydroxide. In neutral and al- 
kaline solution the oxidation takes place almost immediately, but in 
acidic solution it is slower. Gruner’s (1922) studies revealed that the 
precipitation of iron from organic solutions exposed to air is usually 
slow and may be stopped altogether. In the presence of carbonates 
of the alkali metals or of the alkaline-earth metals, iron is precipi- 
tated as hydroxide, but the precipitation is incomplete. Iron is never 
completely removed from the natural organic solution, and 2-8 g/ton 
Fe remain in river water. On the other hand, all iron but approxi- 
mately 1 g/ton is precipitated from surface waters free of organic 
matter. 

Bacteria promote the precipitation of iron as ferric hydroxide from 
lake and sea water. According to Aschan (1932), the humic iron com- 
plexes are decomposed by micro-organisms, and thereby ferric hy- 
droxide is precipitated. 

The iron sulfides of sedimentary origin are pyrite and marcasite, 
FeS 2 ; melnikovite, probably amorphous FeS 2 ; and hydro troilite, 
FeS*nH 2 0. Pyrite and marcasite are common in sandstones, shales, 
limestones, and coal. Iron sulfide may be precipitated from solutions 
containing humic complexes of iron in the absence of oxygen. Some- 
times the content of iron sulfide in hydrolyzate sediments is high 
enough to give rise to pyrite deposits in shales and in schists which 
are their metamorphic derivatives. Such deposits are characterized 
by the presence of certain elements which distinguish them from the 
hydrothermal pyrite deposits. Carstens (1941a, b , 1943) found that 
the Norwegian pyrite ores of sedimentary origin contain more car- 
bon, arsenic, manganese, and phosphorus but less silver, copper, zinc, 
and selenium than do the pyrite ores of hydrothermal origin. In ad- 
dition, the sedimentary pyrites are characterized by the predomi- 
nance of nickel over cobalt, whereas the reverse is the case in the 
pyrites of the hydrothermal veins. 
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Oxidate sediments of iron are also believed to be formed as hot- 
spring deposits on volcanic areas or as a result of submarine volcanic 
activity. Such sediments are of widespread occurrence in the geologi- 
cal column. They are found, e.g., in the Lake Superior region in 
North America and in the Brazilian Shield. They differ from the 
oxidates normally deposited in lake and sea water, in that they 
usually do not carry considerable amounts of adsorbed substances 
but consist of rather pure ferric hydroxide or of hematite and mag- 
netite formed during the metamorphism of the hydroxide. 

The oxidates connected with volcanic activity are usually attrib- 
uted to submarine eruptions of basic lavas and copious amounts of 
hydrothermal solutions produced in a closed basin. The hot-spring 
theory is often rejected on the grounds that the springs would need 
to have been very numerous and their activity undisturbed for long 
periods of time. When the water of the basin cooled, carbon dioxide 
escaped, and the precipitation of calcite-, dolomite-, and siderite- 
bearing muds started; the sediments also contained alternating layers 
of silica and ferric hydroxide. Additional iron was produced by nor- 
mal weathering. Sometimes ferrous carbonate was precipitated under 
reducing conditions, and it was later metamorphosed by hydrother- 
mal solutions under the production of jaspilites and ferruginous 
cherts. Sometimes silica was leached out and magnetite deposited in 
its place. In their present shape the oxidates connected with volcanic 
phenomena consist of calcitic and dolomitic limestones, sideritic 
shales, and jaspilites. In some deposits extensive silicification has 
been caused by hydrothermal solutions. Many of these formations 
contain high-grade magnetite and hematite ores. 

The iron ores of marine origin may also consist of iron silicates, 
which sometimes form deposits of technical importance. When the 
substances present in sea water react with one another or with bot- 
tom sediments, a number of minerals will be produced, which occur 
in recent terrigenous sediments. Some iron-rich silicate minerals are 
important ore minerals of iron. The chemical reactions caused by sea 
water are called halmy roly sis, and the minerals formed thereby in- 
clude, among others, the following: 

Glauconite, K 2 - 3 (Mg,Fe 2 + ,Ca) 1 - 3 (Fe 3 + ,Al) 3 - 6 [(OH) 8 1 Al 2 - 3 Sii 3 -i 4 0 4 o] 
Greenalite, Fe^ + Fe? + [(OH) 6 1 Si 4 O n ] 2 - 2H 2 0 
Chamosite, (Fe 2 + ,Mg) 3 [Al 2 Si 2 O 10 ]-nH 2 O (?) 

These minerals are considered to be formed only in the marine envi- 
ronment. 
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The structures of glauconite and chamosite consist of superim- 
posed two-dimensional sheets of [Si0 4 ] tetrahedra; but greenalite, a 
member of the chrysotile group, has [Si0 3 ] chains in its structure. 
Glauconite is structurally almost completely identical with the 
micas. 

Greenalite and chamosite are technically important. Glauconite is 
the most common iron silicate of sedimentary origin. Its manner of 
formation was discussed in chapter 12. 

The origin of the oxide ores of iron is presented in Figure 33.1 on 
the basis of LandergreiTs (1948) diagram. 
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COBALT, NICKEL 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

C OBALT and nickel are members of the iron family (Goldschmidt, 
1929) or the ferrides (Landergren, 194$). They are the closest 
relatives of iron in the Periodic System. Their abundance in the 
meteorite phases and in igneous rocks is presented in Table 34.1. The 
meteorite values are those which Goldschmidt (19376) considers to 
be the most reliable. With reference to the abundance of cobalt and 
nickel in igneous rocks, the values recorded in Table 34.1 afford proof 
of considerable discrepancy among those adopted by various author- 
ities. Owing to the great number of ultrabasic rocks included in the 
material analyzed, van Tongeren (1938) considers his own averages 
too high. The values given by Sandell and Goldich (1943) are used 
in this book. Lundegardh (1946) thinks that Goldschmidt’s value for 
nickel (100 g/ton) is too high. The Swedish rocks analyzed by Lunde- 
gardh yielded a Co:Ni ratio of approximately 1:1. 

Both nickel and cobalt are very strongly concentrated in the metal 
phase of meteorites. However, their solubility in metallic iron is not 
unlimited, and there is a break in the series of the solid solutions. The 
nickel-iron occurs as two separate meteorite minerals, viz., kamacite 
and taenite, which have different nickel contents. The sum of cobalt 
and nickel in the nickel-iron varies according to the mutual relation- 
ships of the two mineral constituents. Geochemically, cobalt and 
nickel are very pronouncedly siderophile, and their bulk is always 
found in metallic iron when such a phase is present in the physico- 
chemical system in question. However, as pointed out by Gold- 
schmidt and Peters (19326), cobalt is notably less siderophile than 
nickel. 

The values presented in Table 34.1 show that the content of cobalt 
and nickel in the sulfide phase of meteorites is remarkably low. Vary- 
ing amounts of schreibersite, (Fe,Ni,Co)sP, are nearly always present 
in the troilite nodules, but the content of cobalt and nickel in the 

677 



GEOCHEMISTRY 


pure sulfide phase is rather low. However, the observations on the oc- 
currence of cobalt and nickel in the upper lithosphere show that the 
two metals possess an unmistakable chalcophile tendency. They 
combine readily with sulfur and therefore occur as common constitu- 
ents of sulfide segregations. The low content of cobalt and nickel in 
troilite is readily explained by studies of the ternary system Fe-Ni-S. 
It has been found that mixtures having a bulk composition which 
corresponds to that of meteoritic iron can yield as a stable combina- 
tion during the crystallization only a mixture consisting of iron 
monosulfide, FeS, which is nearly totally devoid of nickel, and an iron- 

TABLE 34.1 

Abundance of Cobalt and Nickel 


Material 

Co 

Ni 

Co: Ni 

g/ton 

Nickel-iron of meteorites (Goldschmidt, 19376) . . . 

5,700 

84,900 

0 07 

Troilites (Goldschmidt and Peters, 19336) ... 

100 

1,000 

0 10 

Silicate meteorites (Goldschmidt, 19376). 

400 

3,300 

0.12 

Igneous rocks (Vogt, 1923) 

Igneous rocks (Goldschmidt, Witte, and Hormann; in 

8 

93 

0 09 

Goldschmidt, 19376) . ... 

40 

100 

0 40 

Igneous rocks, Dutch East Indies (van Tongeren, 1938) 

40 

126 

0 32 

Igneous rocks (Sandell and Goldich, 1943) . . 

23 

80 

0 29 

Igneous rocks (Landergren, 1943) 

20 

200 

0 10 

Igneous rocks (Lundeg&rdh, 1946) .... i 

80 

48 

1 67 


nickel alloy. Therefore, the sulfide phase of the meteorites cannot 
contain considerable amounts of nickel as sulfide but only inclusions 
of nickel-iron or nickel-bearing schreibersite. 

Along with their siderophile and chalcophile character, cobalt and 
nickel possess an obvious lithophile tendency, because they are fre- 
quent constituents of silicate rocks. 

It must be emphasized that the Co:Ni ratio in igneous rocks is 
higher than the ratio in any meteorite phase. This is evidently due 
to the fact that in acidic rocks cobalt is strongly enriched in relation 
to nickel (see Table 34.2). In like manner the ratio in the solar atmos- 
phere is in excess of that in the meteorites. 

COBALT AND NICKEL IN MAGMATIC SULFIDES 

The high affinity of cobalt and nickel for sulfur is the cause of their 
frequent occurrence in various sulfide bodies segregated from mag- 
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mas. Nickel is one of the typical constituent elements of the early 
magmatic sulfide segregations of the pyrrhotite-pentlandite assem- 
blage. Nickel found therein is first separated as mix-crystals of pent- 
landite, (Fe,Ni) 9 S 8 , and pyrrhotite, FeS. At a later stage, pentlandite 
forms intergrowths with pyrrhotite, and only seldom, when the 
Ni:Fe ratio is very high, is pure pentlandite separated. Pentlandite 
contains 22-33 per cent Ni and is geochemically and technically the 
most important nickeliferous sulfide mineral. Nickel preponderates 
over cobalt in the early segregations. According to Vogt (1923), the 
Co :Ni ratio in the early magmatic sulfides of the nickel ores is 0.08. 

Cobalt is not incorporated in pentlandite but occurs concealed in 
the pyrrhotite structure. According to Berg and Friedensburg (1944), 
the Co:Ni ratio in pyrrhotite varies from 0.02 to 0.07. On the other 
hand, considerable cobalt but very little nickel enters into pyrite, 
which crystallizes from the sulfide melt at a late stage. 

According to Noddack and Noddack (1931a), the average content 
of cobalt and nickel in primary magmatic sulfides is 2,100 g/ton Co 
and 31,400 g/ton Ni. The Co:Ni ratio is therefore 0.07. However, as 
pointed out in chapter 5, the composite sample analyzed by Noddack 
and Noddack probably does not give the true average composition 
of the sulfides. The Co :Ni ratio is close to the value obtained by Vogt 
(1923), but, according to Table 34.1, the ratio in igneous rocks is very 
considerably higher. Therefore, it is evident that more cobalt than 
nickel remains in the silicate phase during the separation of a sulfide 
melt from a silicate melt, and consequently the sulfide phase becomes 
impoverished in cobalt. Metallurgical experience also shows that 
cobalt is much more likely to go into the slag than is nickel. Cobalt, 
on the other hand, is more plentiful than nickel in late magmatic 
sulfides. Thus, for example, many metalliferous veins and sulfides of 
metasomatic origin, genetically connected with granitic rocks, con- 
tain more cobalt than nickel. In hydrothermal sulfides the Co:Ni 
ratio is greater than 1:10, often even greater than 1:1, and thus 
cobalt may predominate over nickel (Berg and Friedensburg, 1944). 
Generally speaking, cobalt has a considerably higher tendency to re- 
main in residual melts and solutions during magmatic differentiation 
than nickel has. 

Nickel predominates in all pyrrhotites, but in pyrites, independent 
of their temperature of formation, the content of cobalt is higher than 
that of nickel. In pyrites from metalliferous veins the Co:Ni ratio 
may be as high as 830 (Berg and Friedensburg, 1944). Cobalt substi- 
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lutes for iron in the pyrite structure. It may also be incorporated in 
sphalerite. According to Oftedal (1940), sphalerites formed at very 
high temperatures are rich in cobalt. However, there seem to be nu- 
merous exceptions to the general rules of the abundance of cobalt and 
nickel in sulfide minerals and sulfide deposits, and also other than 
crystal chemical principles rule over the distribution of cobalt and 
nickel therein (Gavelin and Gabrielson, 1947). 

Pentlandite is, with few exceptions, the only independent nickel 
mineral found in early magmatic sulfide ores. In the late magmatic 
sulfide segregations, particularly in the metalliferous veins, cobalt 
and nickel form a number of sulfide and arsenide minerals. The most 
important species are the following: 


Cattierite, 

Linnaeite, 

Cobaltite, 

Safflorite, 

Glaucodot (danaite), 

Smalt it e, 

Skutterudite, 

Niccolite, 

Breithauptite, 

Millerite, 

Vaesite, 

Bravoite, 

Gersdorffite, 

Ullmannite, 

Rammelsbergite, 

Chloanthite, 


C 0 S 2 

C 03 S 4 (51 per cent Co) 

CoAsS (35.4 per cent Co) 

CoAs 2 

(Co,Fe)AsS 

Co As 3 — 2 (about 28 per cent Co) 
CoAs 3 

NiAs (43.9 per cent Ni) 

NiSb 

Y-NiS 

NiS 2 

(Ni,Co,Fe)S 2 

NiAsS (up to 35.4 per cent Ni) 

NiSbS 

NiAs 2 

N As 3 _2 (28.1 per cent Ni) 


There are, in addition, other sulfides and sulfosalts of cobalt and 
nickel, many of which contain antimony and bismuth. 

Along with pentlandite, niccolite and chloanthite are important 
ore minerals of nickel. Millerite and bravoite are mostly found as al- 
teration products in the superficial parts of nickel ores. Millerite is 
also found in the weathering zone of nickel-rich rocks. Along with the 
cobalt minerals listed above, cobaltiferous pyrite and pyrrhotite are 
used as technical sources of this metal. 


A number of minerals are found as weathering and reaction prod- 
ucts in the oxidation zone of cobalt and nickel ores; among others, 
the following: 


Stainierite, 

Heterogenite, 

Spherocobaltite, 

Bieberite, 

Erythrite, 

Bunsenite, 

Zaratite, 

Morenosite, 

Annabergite, 


a-CoOOH 

Co (OH) 2 + Co (OH) 3 

C 0 CO 3 

Co[S0 4 ]*7H 2 0 

Co 3 [As0 4 ] 2 *8H 2 0 

NiO 

Ni 3 [(OH) 4 1 CO 3 ] * 4H 2 0 

Ni[S0 4 ]*7H 2 0 

Ni3[As0 4 ]2 , 8H 2 0 
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Heterogenite and stainierite are of local importance as ore minerals 
of cobalt. 

COBALT AND NICKEL IN IGNEOUS BOCKS 

Like magmatic sulfides, the normal igneous rocks of the main stage 
of magmatic crystallization are regularly cobalt- and nickel-bearing. 
The studies of Newhouse (1936) and Ramdohr (1940) showed that 
igneous rocks contain, as a rule, small quantities of common sulfide 
minerals, such as pentlandite, pyrrhotite, and pyrite. Therefore, it is 
evident that these minerals form the seat of a part of the cobalt and 
nickel present in igneous rocks. However, the bulk of cobalt and 
nickel found in igneous rocks is incorporated in silicate minerals, be- 
ing concealed in their structures. If no sulfide minerals are present, 
the silicates carry all the cobalt and nickel of the rock. This manner 
of occurrence is of considerable importance for the geochemistry of 
the two metals in the upper lithosphere. Although cobalt and nickel 
for technical purposes nearly always are obtained from s ul fide-ore 
bodies, the amounts in question are quantitatively rather unimpor- 
tant compared with the quantities incorporated in structures of sili- 
cate minerals. Therefore, cobalt and nickel are oxyphile in the upper 
lithosphere. 

According to Landergren (1948), titaniferous iron ores contain, on 
an average, 200 g/ton Co and 300 g/ton Ni. The Co :Ni ratio is 0.67. 
Cobalt and nickel are, accordingly, enriched in these ores. 

Cobalt forms no independent minerals in igneous rocks, but nickel 
is sometimes found in basic, and in particular in ultrabasic, rocks as 
the iron-nickel alloys awaruite and josephinite; the nickelian chryso- 
tile garnierite, (Ni,Mg) 6 [(OH) 6 | SLOnJ-^O; various nickelian chlo- 
rites, e.g., the nickelian antigorite nepouite, (Ni,Mg) 6 [(OH) 8 j Si 4 Oi 0 ] ; 
and the nickel spinel trevorite, NiFe->0 4 . The silicate minerals of 
nickel are, both structurally and chemically, closely related to the 
corresponding magnesium minerals and usually occur connected with 
them. However, all these minerals are relatively rare, and only 
garnierite, with 15-33 per cent Ni, has importance as an ore mineral 
of nickel. 

The content of cobalt and nickel in the various classes of igneous 
rocks is given in Table 34.2. The values show that nickel is strongly 
enriched in ultrabasic rocks, whereas the content of cobalt attains a 
maximum in silicic rocks. This fact is further elucidated by the Co :Ni 
ratios of the various rock classes. However, the results of Sahama 
(19456) and Lundegardh (1946) show that the contents of cobalt and 
of nickel in acidic rocks are of the same degree of magnitude. 
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The ionic radii of the metals considered above are given in the ac- 
companying tabulation. 


Mg 2+ . . 
Ni 2+ . . . 
Ee 2+ . . 
Co 2+ . . 


Radius (kX) 

. 0.78 
0.78 
. 0 83 

0.82 


In acidic rocks the content of both ferrous iron and magnesium is 
considerably lower than in basic rocks. In addition, magnesium, in 
relation to ferrous iron, is more strongly impoverished in acidic rocks. 

TABLE 34.2 

Content of Cobalt and Nickel and the Co:Ni Ratio in Igneous Rocks 


Rock 

Co 

Ni 

Co:Ni 

g/ton 

Peridotite (dunite; Goldschmidt, 1937a) 

237 

3,160 

0.08 

Gabbro (Goldschmidt, 1937a) 

79 

158 

0 50 

Diorite (Goldschmidt, 1937a). . . 

32 

40 

0 80 

Granite (Goldschmidt, 1937a) 

8 

2 4 

3.33 

Nepheline syenite (Goldschmidt, 1937a) . 

8 

2 4 

3 33 

Subsilicic rocks (Sandell and Goldich, 1943) 

32 

97 

0.33 

Silicic rocks (Sandell and Goldich, 1943) . . 

3 0 

5 8 

0 52 

Basement Complex of southern Lapland (Sahama, 




19456): 

Ultrabasics 

237 

~79G 

— 0 30 

Gabbros and dolerites . . 

24 

47 

0.51 

Granites 

0-8 

2-8 

max. 4.00 

Syenites 

8 

8 

1 00 

Basic rocks (Lundeg&rdh, 1946) . . 

56 

65 

0.86 

Acidic rocks (Lundeg&rdh, 1946) 

11 

8 

1.38 


In like manner, both cobalt and nickel are plentiful in basic rocks and 
impoverished in the silicic ones, and the abundance of cobalt in the 
latter rocks increases at the expense of that of nickel. It is evident 
that nickel replaces magnesium diadochically in mineral structures 
and becomes enriched therewith. According to previous belief, cobalt 
prefers the company of ferrous iron. However, Sandell and Goldich 
(1943) established no linear relationship between the content of 
nickel and that of magnesium, whereas they found that cobalt varies 
linearly with magnesium over a wide range of concentrations. They 
stated that a relation between cobalt and magnesium is more appar- 
ent than one between cobalt and ferrous iron. In similar manner 
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Landergren (1948) found it very unlikely that the ionic radii should 
regulate the rate of introduction of cobalt and nickel and the Co:Ni 
ratio in the structures of ferromagnesium minerals. Cobalt and 
nickel will probably enter any structure of ferromagnesium minerals 
formed at a certain moment during the crystallization, and other 
factors than ionic size may cause the changes observed in the Co : Ni 
ratio with progressive crystallization. 

At any rate, nickel has a tendency to become enriched in the early- 
crystallized magnesium and ferromagnesium minerals. Vogt (1923) 
found that olivine and hypersthene are the main seats of nickel 
among the minerals of igneous rocks. Considerably lower nickel con- 
tents are found in augite, amphibole, and biotite. The content of 
nickel varies in relation to the content of olivine and hypersthene in 
the rocks. In olivine and orthorhombic pyroxene the content of 
nickel runs parallel to that of magnesium. Olivine may contain up to 
0.5 per cent Ni, amphibole and biotite two-tenths of 1 per cent. In 
granites, nickel is almost quantitatively contained in biotite. The 
feldspars and the feldspathoids are devoid of this metal. 

CYCLE OF COBALT AND NICKEL 

Although cobalt and nickel are geochemically closely related ele- 
ments, they differ with respect to their manner of occurrence in ig- 
neous rocks, as the above-presented discussion showed. A corre- 
sponding difference also exists in their geochemical cycles. Unlike 
nickel, cobalt passes into the trivalent state with considerable ease. 
According to Fersman (1939), the co-ordination number of trivalent 
cobalt is always 6, whereas the co-ordination number of bivalent co- 
balt is usually 6 but sometimes 4. In this respect cobalt differs sharp- 
ly from nickel, which in its compounds in Nature is always bivalent 
and 6-co-ordinated, and from iron, which in the bivalent state has 
the co-ordination number 6 and in the trivalent state the co-ordina- 
tion numbers 4 and 6. 

During the weathering, nickel remains largely in the solid products 
of disintegration and is deposited in the hydrolyzate sediments. Con- 
trary to Fe 2+ and Mn 2+ , Ni 2+ is very stable in aqueous solutions and 
is accordingly able to migrate for considerable distances under proper 
circumstances. During the weathering of ultrabasic rocks, particular- 
ly of serpentinites, nickel forms a number of hydrosilicates with com- 
plicated chemical composition which structurally consist of endless 
two-dimensional sheets. They form the group of the nickelian chlo- 
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rites. Moreover, there are nickel-bearing silicates, e.g., pimelite, 
(Ni,Mg) 3 [(OH) 2 1 Si 4 Oi Q ] -nH 2 0, which are related to clay minerals 
and are of a similar origin. Such nickel silicates are sometimes found 
in peat in soils derived from serpentine rocks. 

During the weathering of nickel-bearing silicate minerals the 
nickel may sometimes accumulate to form veins consisting of pure 
nickel silicates. Serpentine rocks derived from dunite are likely to be 
especially rich in nickel. During the lateritic weathering of serpen- 
tine, nickel becomes enriched in the insoluble residue, e.g., in the 
laterite ores of Celebes and Cuba. Serpentine is first converted into 
magnesite by the carbon dioxide-bearing weathering solutions; but 
magnesite goes into solution as magnesium bicarbonate in the 
uppermost weathering zone, and only silica, hydrosilicates of nickel 
and magnesium, and iron oxide remain as a residue. Nickel often 
predominates in the hydrosilicates over magnesium. 

The transfer percentage of nickel (see Table 6.19) is very small. 
This shows that only a negligible part of the nickel liberated during 
weathering and transported into the sea remains in sea water. The 
bulk is retained in the solid products of weathering. The content of 
nickel in sediments and their derivatives is showm in Table 34.3. The 
values show that nickel is enriched in hydrolyzate sediments. Accord- 
ing to Maliuga (1939), the content of nickel in bog ores may be as 
high as 0.4 per cent Ni and in oolitic iron ores up to 3.9 per cent. A 
very considerable enrichment has occurred in these rocks. 

Cobalt does not form hydrosilicates during the weathering. It re- 
mains in the weathering solutions as bicarbonate or colloidal hydrox- 
ide. It is often separated from nickel and is deposited, along with 
manganese, in the cobaltian w r ad (asbolan), which contains from 4 to 
34.5 per cent Co, and in other manganiferous oxidates. However, the 
separation of nickel and cobalt is not complete. During the weather- 
ing of the cobalt- and nickel-rich serpentine rocks of New Caledonia, 
nickel accumulates in garnierite in the zone of weathering and cobalt 
is carried forth in solution to be deposited in asbolan. The Co:Ni 
ratio in garnierite is 0.01 and in asbolan 2-5. There also is an excess 
of cobalt and a deficiency in nickel in bog iron ores and in marine 
siderite ores. In laterite and in oolitic iron ores both cobalt and 
nickel have become enriched. This shows that ferrides may become 
appreciably concentrated in environments favorable for the enrich- 
ment of iron in the minor cycle (Landergren, 1948). 

In sea water the content of cobalt, like that of nickel, is very low; 
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and the small value of the transfer percentage shows that cobalt Is 
also almost completely removed from sea water, being deposited in 
hydrolyzate sediments. Small amounts of cobalt and nickel are also 
present in sulfides found in marine sediments. Cobalt is, In addition, 
removed by adsorption in the oxidate sediments. The values pre- 
sented in Table 34.3 show that nickel usually preponderates over 
cobalt in the hydrolyzates, but in oxidates the case is the reverse. 

TABLE 34.3 


Content of Cobalt and Nickel and the Co:Ni Ratio 
in Sediments and Their Derivatives 


Rock 

Co 

Ni 

Co:Ni 

g/ton 

Mississippi silt, composite (Clarke, 1924) 


134 


Terrigenous clays, composite (Clarke, 1924) 


498 


Red clay, composite (Clarke, 1924) 


253 


Laterite-bauxite ore (Landergren, 1948) 

300 

180 

1.67 

Bog iron ores, Finland (Landergren, 1948) 

130 

40 

3 25 

Marine oolitic-siliceous iron ores (Landergren, 1948) . . 

200 1 

200 

1 00 

Marine siderite ores (Landergren, 1948) 

300 

50 

6 00 

Glauconite (Palmqvist, 1935) . . .. 


8 


Sandstone, Vastergotland, Sweden (Lundeg&rdh, 1946) . 

1 o 1 

2 0 

0 50 

Shale, Vastergotland, Sweden (Lundeg&rdh, 1946). . . . 

60 

150 

0 40 

Bituminous schist, Vastergotland, Sweden (Lunde- 




g&rdh, 1946) .... 

30 

70 

0 43 

Limestones, Vastergotland, Sweden (Lundeg&rdh, 1946) 

<0 3-2 0 

3 0-10 

<0.03-0.70 

Quartzites, southern Lapland (Sahama, 19455) 

0 

2-8 

0 

Aluminum-rich schists, southern Lapland (Sahama, 




19456) 

8 

24 

0.33 

Carbonate rocks, southern Lapland (Sahama, 19455) 

0 

0 



According to Goldschmidt (19376), the average Co:Ni ratio in hy- 
drolyzate sediments is 0.40. The reason for this low value Is that 
relatively much material derived from subsilicic igneous rocks is in- 
corporated in the hydrolyzates. Although the relationship between 
cobalt and iron in igneous rocks seems to be indistinct, cobalt rather 
than nickel accompanies iron in sediments. Thus the pyrites present 
in shales show a rather strong accumulation of cobalt, just like the 
hydrothermal pyrites (Goldschmidt, 1937a). 

The high affinity of cobalt and nickel for sulfur is further reflected 
by the fact that the two metals, under reducing conditions, show a 
tendency to become concentrated in muds rich in organisms and 
their remains, being precipitated as sulfides in such sediments. 

The behavior of cobalt and nickel during metamorphism is not 
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well known. During serpentinization, nickel enters into serpentine 
and talc, the latter of which may contain 0.5 per cent NiO. 

COBALT AND NICKEL IN THE BIOSPHERE 

Small amounts of cobalt and nickel are widely distributed in 
plants and animals. In plants the highest nickel concentration is 
found in the leaves. Both cobalt and nickel are reported in coal ashes, 
and they may become enriched therein (Goldschmidt and Peters, 
1933c) . So far, the question of the significance of cobalt and nickel to 
plants has not been settled, but cobalt, in spite of its low content in 
biological material, is essential to animals. The deficiency of cobalt 
in soil and herbage is the established cause of a certain disease (“bush 
sickness”) in grazing animals. Cobalt appears to be essential in the 
bacterial processes connected with digestion that take place in the ru- 
men of the cow and the sheep. According to Mitchell (1944), the con- 
tent of cobalt in soil is up to 300 g / ton and that of nickel varies from 
5 to 2,000 g/ton; Maliuga (1939) gives a content of 5-10,000 g/ton Ni. 

Linnaeite and millerite are frequently met in coal seams and are 
deposited from percolating solutions. According to Maliuga (1939), 
coal may contain up to £20 g/ton Ni, 

The content of nickel in petroleum and its derivatives may be sur- 
prisingly high. Wells (1946) reports a content of 3,000 g/ton Ni in a 
sample of liquid asphalt, and, according to Maliuga (1939), the con- 
tent in oil is 1-250 g/ton Ni. Usually, nickel evidently is concentrated 
in the paraffin hydrocarbons during the polymerization of the oil, in 
contradistinction to vanadium, which becomes enriched in asphalt. 
Nickel, like vanadium and molybdenum, forms organometallic com- 
pounds in petroleum (see chap. 25), and these are able to migrate 
with the hydrocarbons. The three metals may have been active as 
catalysts in the reactions between organic substances and hydrogen 
sulfide (Goldschmidt, 1937a). 

An organic compound of cobalt, julienite, Na 2 Co[CSN]4*8H 2 0, oc- 
curs in some cobalt deposits at Katanga in the Belgian Congo. 

ORES OF COBALT AND NICKEL 

Many nickel deposits occur in serpentine rocks. The pyrrho tite- 
pentlandite deposits are usually associated with norites and less com- 
monly with peridotites. Deposits found in more acidic rocks are of 
very low grade. Metalliferous veins carrying cobalt and nickel usually 
contain arsenic along with sulfur (cobaltite, chloanthite, niccolite) 
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and are associated with diabases and other basic rocks. In deposits 
associated with silicic igneous rocks, usually little or no cobalt and 
nickel is present. The nickel-bearing cobalt-uranium-silver veins 
form an exception to this rule; they are connected with granites. 
Vogt (1923) emphasized the fact that one of the most important fac- 
tors which determine the content of nickel in pentlandite-pyrrhotite 
deposits is the nickel content of the ferromagnesium silicates in the 
parent-rock. The percentage of nickel in the segregated sulfides in- 
creases with the increasing content of nickel in the silicate minerals 
of the parent-rock. 

Garnierite occurs only as a weathering product of peridotites and 
of serpentine rocks derived therefrom. The garnierite deposits of New 
Caledonia are the greatest nickel deposits known to occur in the 
weathering zone. 
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CHAPTER 35 


THE PLATINUM METALS 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

A CCORDING to their position in the Periodic System, the plati- 
11 num metals are usually divided into two subgroups, viz., 

(1) the light platinum metals: ruthenium, rhodium, palladium, and 

(2) the heavy platinum metals: osmium, iridium, platinum. 

Like the rare-earth metals, particularly yttrium and the lantha- 
nides, the platinum metals form a geochemically rather coherent 
group of elements. They are nearly always found to accompany one 
another in Nature because the atomic volumes of the elements in the 
two subgroups are nearly equal, a result of the lanthanide contrac- 
tion (see chap. 5). 

The general geochemical character of the platinum metals is illus- 
trated by the abundance numbers given in Table 35.1, based on the 
values considered by Goldschmidt (19375) to be the most reliable 
ones. The values were obtained from analyses carried out by Nod- 
dack and Noddack (19315) and by Goldschmidt and Peters (19325). 
The abundance of the platinum metals in the Sun’s atmosphere, as 
given in Table 2.3, is also quoted in Table 35.1. All the values pre- 
sented show that the rule of Oddo and Harkins is valid for both 
groups of platinum metals, just as it is for the lanthanides. Rhodium 
and iridium, which have odd atomic numbers, are less abundant than 
their even-numbered neighbors. 

However, the values recorded in Table 35.1 cannot be considered 
final. Some of them might be too high, perhaps by a factor of 2 or 3 
(Goldschmidt, 19375). It should also be noted that the abundance of 
ruthenium and osmium in the upper lithosphere is still unknown. 

The values presented in Table 35.1 show that the platinum metals 
are strongly and distinctly siderophile. This feature is the most prom- 
inent one, as far as their general geochemical character is considered. 
It is evident that by far the greatest part of the platinum metals in 
the Earth is enriched in the nickel-iron core, in which these metals 
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are dissolved in iron. Only a negligible part has reached the litho- 
sphere. However, considerable quantities of ruthenium and osmium, 
especially, are present in the sulfide phase of the meteorites. This fact 
and the occurrence and content of the platinum metals in various 
sulfide minerals suggest that, in particular, palladium but also 
ruthenium, platinum, and osmium are chalcophile. However, their 
chalcophile character is evidently not so pronounced as their sidero- 
phile nature, even though palladium is rather strongly chalcophile. 
In sulfide-ore deposits palladium usually predominates among the 
platinum metals, but in other occurrences it is much inferior to 
platinum. 


TABLE 35.1 

Abundance of the Platinum Metals 


z 

Element 

Sun’s 

Atmosphere 

(mg. m -2 ) 

Nickel- 

Iron 

(g/ton) 

! 

Troilite 

(g/ton) 

Silicate 

Meteorites 

(g/ton) 

Upper 

Lithosphere 

(g/ton) 

44. . 

Ru 

0 5 

10 

9 

(0) 

present 

45. . 

Rh 

0 03 

5 

0 4 

(0) 

0.001 

46. 

Pd 

0 13 

9 

2 

(0) 

0 01 

76. . 

Os 

0 06 (?) 

8 

9 

(0) 

present 

77. 

Ir 

0 01 ? 

4 

0 4 

(0) 

0 001 

78. . . 

Pt 

0 7 

20 

2 

(0) 

0.005 


The schreibersite of the iron meteorites also contains platinum 
metals, but the content is very much lower than in the metal phase. 

In the presence of a metal phase and a sulfide phase, the platinum 
metals, being siderophile, preferentially enter the former. If the metal 
phase is replaced by a silicate phase, these metals are concentrated 
in the sulfide. This shows that their lithophile character is very weak. 

THE PLATINUM METALS IN IGNEOUS ROCKS 

The platinum metals are the most typical among the noble metals. 
They are found in Nature chiefly in the native state, almost always 
associated with one another. The composition of their natural alloys 
shows a considerable degree of variation, and the alloys often form 
more or less continuous series, in which no sharp limits exist between 
the various minerals. The natural alloys are listed in Table 35.2. 

Usually the platinum metals contain varying quantities of gold, 
silver, copper, iron, nickel, chromium, and other metals. The most 
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important minerals formed by the platinum metals with other ele- 
ments include the following species : 

Laurite, RuS 2 

Stibiopalladinite, PdsSb 
Cooperite, PtS 

Braggite, (Pt,Pd ; Ni)S 

Niggliite, PtTe3 

Sperrylite, PtAs 2 

On the whole, the number of minerals formed by the platinum metals 
is low. Cooperite, braggite, and stibiopalladinite are found only in the 
platiniferous norites of the Bush veld complex in South Africa. Sper- 
rylite and laurite are more widely distributed. 

TABLE 35.2 

The Natural Alloys of the Platinum Metals 


Name 

Crystal 

System 

Essential 

Composition 

Platinum (polyxene) ... 

Isometric 

Pt 

Platiniridium 

Isometric 

(Ir,Pt) 

Iridium 

Isometric 

Ir 

Palladium 

Isometric 

Pd 

Allopalladium . 

Hexagonal 

Pd 

Iridosmine (nevyanskite) 

Hexagonal 

(Ir,Os) 

Osmiridium (siserskite) . . . 

Hexagonal 

(Os,Ir) 

Aurosmiridium 

Isometric 

(Ir,Os,Au) 

Porpezite 

Isometric 

(Au,Pd) 

Rhodite. . . 

Isometric 

(Au,Rli) 

Potarite 

Isometric 

PdHg or PdaHgo 


According to their siderophile properties, the platinum metals are 
enriched in native iron separated from basaltic magmas. Gold- 
schmidt and Peters (19326) found 0.5 g/ton Ru, 0.5 g/ton Rh, 
1 g/ton Pd, and 5 g/ton Pt in the iron from Uivfaq, Greenland. 

The reluctance of the platinum metals to combine with other ele- 
ments and their high melting points are responsible for their prefer- 
ential enrichment in the early-separated fractions during magmatic 
crystallization. Thus, for example, dunites, pyroxenites, and serpen- 
tinites often contain considerable quantities of the platinum metals. 
In the ultrabasics the platinum metals are frequently concentrated 
in chromite; and ruthenium and rhodium in particular, which are 
conspicuously weakly represented in the platinum ores proper and 
in platiniferous sulfides, are often concentrated in chromite. Gold- 
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schmidt and Peters (19326) reported up to 0.5 g/ton Ru, 0.5 g/ton 
Rh, 5 g/ton Ir, and 1 g/ton Pt in chromite. However, native plati- 
num and the various alloys are also found in ultrabasic rocks, as well 
as the minerals listed above. The silicate minerals are nearly or com- 
pletely free of platinum metals. 

According to Schneiderhohn and Moritz (1939), the sulfide py- 
roxenites of the Transvaal in South Africa contain the bulk of the 
platinum metals in their sulfide minerals. The early-separated pyr- 
rhotite and nickelian pyrite contain the major part, up to 10-50 
g/ton, whereas the pentlandite, which is younger, is lower in the 
platinum metals, and chalcopyrite, the sulfide mineral last to sepa- 
rate, is completely devoid of these metals. Similarly, the platinum 
metals are usually absent in chromite and in the various silicate min- 
erals; if present, they never exceed 1 g/ton. No independent platinum 
minerals occur in the un weathered pyroxenites ; sperrylite is probably 
formed in the zone of oxidation during the weathering of platiniferous 
sulfides. 

The platinum metals are almost completely absent in rocks crys- 
tallized during the main stage of differentiation. Already the gabbros 
are almost regularly devoid of platinum, and no primary platinum 
deposits are known in rocks more acidic than gabbros and norites. 
The volatile constituents which become concentrated in the residual 
melts during the main stage of crystallization are evidently able to 
retain in the melt a small proportion of the platinum metals original- 
ly found in the magma, and such platinum metals as remain become 
enriched in the late crystallates. The columbate, tantalate, zirconate, 
and titanate minerals found in many granite pegmatites contain no- 
table quantities of platinum metals. Such minerals include, among 
others, gadolinite, Y 2 Fe[0 1 BeSiOj 2 » columbite, (Fe,Mn) (Cb,Ta) 2 0 6 , 
tantalite, (Fe,Mn)(Ta,Cb) 2 0 6 , and ilmenorutile, mixed crystals of 
rutile and tapiolite. Lunde (1927) has found 0.6 g/ton platinum 
metals in a tantalite. 

Because the platinum metals are chemically rather inert, they 
may, at least partly, occur in magmatic liquors in the native state, 
probably forming colloidal solutions. 

Determinations showing the content of the platinum metals in ig- 
neous rocks are very scarce. Lunde (1927) found up to 0.74 g/ton 
platinum metals in dunite and 0.29 g/ton in peridotite. According to 
Goldschmidt and Peters (19326), a norite from the Merensky Reef 
in the Transvaal, South Africa, contains 0.2 g/ton Pd and 0.2 g/ton 
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Pt, ruthenium and rhodium being absent. Leutwein (1939) found 0.2 
g/ton Pt and 0.1 g/ton Pd in d unite, and 0.5 g/ton Pt and 0.1 g/ton 
Pd in pyroxenite. The upper limit for these metals in amphibolites 
of magmatic origin was similar to the content in dunite, whereas in 
amphibolites of sedimentogenic origin the content was lower. Conse- 
quently, the platinum metals, in some cases at least, may be used to 
indicate the origin of metamorphic rocks. 

As was mentioned above, the platinum metals are also more or less 
pronouncedly chalcophile. This characteristic is already apparent 
from their distribution between the metal and the sulfide phases of 
meteorites ; it is most pronounced in the case of ruthenium and osmi- 
um. Owing to their chalcophile properties, the platinum metals are 
often found in sulfide minerals, and, according to the considerations 
presented in chapter 5, they belong to the sulfophile group of ele- 
ments. Noddack and Noddack (1931a) analyzed a composite mixture 
of magmatic sulfides (see chap. 5). They found the contents of plati- 
num metals given in the accompanying tabulation. The results show 


Element 

g/ton 

Ru . 

. 1 

Rh 

0.3 

Pd . . 

.4 

Os . 

.. . . 0.1 

Ir 

. . . 0.4 

Pt 

2 


that the platinum metals are notably concentrated in the early mag- 
matic sulfides. 

Ruthenium, palladium, and platinum are the only members of this 
group which are known to form sulfide minerals (laurite, cooperite, 
and braggite). Cooperite is an important constituent of the South 
African platinum ores. The platinum telluride, niggliite, is very rare 
and probably of secondary origin. Small amounts of platinum metals 
are usually met in early-separated magmatic sulfides of the pyrrho- 
tite-pentlandite assemblage. Platinum and often palladium are domi- 
nant in such sulfides. The Pd:Pt ratio varies according to the sulfide 
body in question. In many cases palladium predominates over plati- 
num, and the Pd:Pt ratio is usually 2-3 (Goldschmidt, 1926). The 
considerable abundance of palladium in the sulfides discussed was 
previously considered a proof of the chalcophile character of this 
metal. Today it is held that the siderophile character is also the 
more dominant in the case of palladium. The early-separated sulfides 
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often contain platinum as sperrylite, but it is possible that the plati- 
num metals generally form solid solutions in the sulfide minerals fill- 
ing the vacant spaces in their structures (Schneiderhohn and Moritz, 
1939). 

Many pneumatolytic and hydrothermal tin ores (cassiterite and 
stannite) formed during the late magmatic stages contain platinum 
metals. Thus pneumatolytic cassiterites genetically connected with 
granitic magmas carry at least platinum (Goldschmidt and Peters, 
19326), and in the associated molybdenites the content of platinum 
and palladium may be considerable (up to 1 g/ton Pt, along with 
other platinum metals) . The presence of platinum in triplite has also 
been reported: 0.2 g/ton Pt, according to Goldschmidt and Peters. 
The occurrence of palladium and platinum in molybdenite is readily 
explained by crystal chemical reasoning: the disulfides of these 
metals have structures similar to that of molybdenite, and they are 
isomorphic with this mineral. Palladium and platinum are also dis- 
tinctly concentrated in hydrothermal nickel and cobalt arsenides. 
The arsenides, antimonides, and bismuthides are more metal-like 
than are the sulfides, and this explains why many siderophile ele- 
ments apparently tend to become concentrated in such compounds 
during a distribution between a sulfide phase and an arsenide (an- 
timonide) phase. This is in accordance with the observation that the 
platinum metals crystallize from sulfide melts as minerals like sperry- 
lite and stibiopalladinite. 

The hydrothermal sulfosalts, e.g., tetrahedrite and bournonite, 
may contain small quantities of platinum metals, but silver predomi- 
nates in such minerals. Platinum has also been reported to occur in 
galena. What is left of the platinum metals after the separation of 
hydrothermal sulfides and other minerals crystallizes in the native 
state in quartz veins. 

CYCLE, ORES, AND BIOGEOCHEMISTRY OF 
THE PLATINUM METALS 

According to Schneiderhohn and Moritz (1939), the platinum 
metals are dissolved during the weathering of platiniferous sulfides. 
With the exception of palladium, which is partly removed, they are 
readily reprecipitated in the zone of oxidation and may become en- 
riched to form independent minerals, e.g., sperrylite and cooperite. 
During prolonged oxidation and weathering, the platinum metals are 
separated in the native state. Thus, for example, sperrylite is decom- 
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posed to native platinum and arsenic trioxide, As 2 0 3 . Consequently, 
most of the platinum metals remain in the resistates, whereby placer 
deposits may be formed. A small part goes into the sea and is finally 
deposited in the hydrolyzates and oxidates. However, the platinum 
metals found in the deep-sea sediments are partly derived from 
meteoritic dust. The dissolved platinum metals may become consid- 
erably enriched in the manganese nodules : Goldschmidt and Peters 
(19326) report 0.2 g/ton Eh, 0.2 g/ton Pd, and 0.5 g/ton Pt in a 
nodule. 

With the exception of the platinum metals recovered as by-prod- 
ucts from various sulfide ores, the greatest part of these metals is 
obtained from resistate sediments, both recent and ancient; the latter 
may contain platinum metals along with other heavy minerals en- 
riched in certain horizons. Placer deposits of platinum and associated 
metals derived from ultrabasic igneous rocks (dunites, pyroxenites, 
serpentinites) are met in many places, e.g., in the Urals in Russia and 
in South America. Notable amounts of platinum are mined in South 
Africa from basic and ultrabasic igneous rocks: norites and iron-rich 
dunites. 

Platinum is reported in the ashes of some marine animals. Rhodi- 
um, palladium, and platinum are enriched in coal ashes (see chap. 8). 
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CHAPTER 36 


COPPER 


ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 


C OSMIC ALLY, copper is relatively abundant, as compared with 
the other heavy metals. Figure 2.2 shows that copper is cosmi- 
eally as abundant as zinc. The presence of copper has been established 
in the solar and stellar atmospheres. The general abundance values of 
copper are presented in Table S6.1. The new copper determinations 
in igneous rocks have yielded concordant results, but the average 


TABLE 36.1 


Abundance of Copper 

Material 

Metal phase of meteoritic iron (Gold- 
schmidt, 19376) 

Metal phase of stony meteorites (Gold- 
schmidt, 19376) 

Troilite from meteoritic iron (Gold- 
schmidt, 19376) 

Silicate phase of chondrites (Noddack and 

Noddack, 1930) 

Igneous rocks (Sandell and Goldich, 1943) . 
Igneous rocks (Lundeg&rdh, 1946) 


Cu 

(g/ton) 

normal: 100-400 
maximum: 1,000 

0-3,000 

100-600 

1 55 
70 
60 


content of copper in meteorites is still a matter of controversy. The 
average copper content of the various meteorite phases cannot be 
readily determined because the amount of copper in the meteorites 
is subject to wide fluctuations, -which are more pronounced than for 
most other elements. The results show, however, that very little cop- 
per, if any, is generally present in the silicate phase, whereas the cop- 
per content in the metal phase is reasonably high and the sulfide 
phase may contain still more copper. Therefore, it is evident that 
copper, geochemically, is mainly chalcophile, but not without a sid- 
erophile tendency. These results are corroborated by the observa- 
tions concerning the manner of occurrence of copper in the upper 
lithosphere. It is a well-established fact that copper shows a high af- 
finity for sulfur and is one of the most typical constituents of sulfide 
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ores. On the other hand, a little copper is found in native terrestrial 
iron, and up to 13 per cent copper, along with some other metals, is 
present in the native platinum metals and in their alloys, being thus 
incorporated in the native state in a metal phase separated from a 
silicate phase. 

The observations made in copper-ore smelters show that copper, 
among the sulfide-forming metals, has one of the highest affinities for 
sulfur. The affinity of metals for sulfur during the smelting of sulfide 
ores decreases in the following order: 

Mn-Cu-Ni-Co-Ee-Sn-Zn-Pb-Sb-Ag 
(highest (lowest 

affinity) affinity) 

This is the series of Fournet and Schtitz. Copper is the second mem- 
ber therein. The values presented in Table 4.1 show that copper, dur- 
ing the smelting of the Mansfeld copper ore, goes into the copper 
matte, which consists mainly of copper sulfide. Several other metals 
found in this ore as sulfides, particularly iron but also nickel, cobalt, 
molybdenum, etc., are separated in the metal phase. The metal show- 
ing the highest affinity for sulfur, viz., manganese, is also enriched in 
the copper matte. 

The abundance of copper in igneous rocks is probably higher than 
indicated because considerable quantities of copper may have been 
introduced by the late magmatic activity directly to the exogenic 
cycle (Goldschmidt, 1937 b). 

COPPER IN IGNEOUS ROCKS; COPPER ORES 

The high affinity of copper for sulfur forms the basis of the metal- 
lurgical treatment of copper ores. In like manner this property is the 
factor determining the manner of occurrence of copper in the Earth’s 
crust. Sulfides and sulfosalts are the most important copper minerals, 
and it is evident that by far the greatest part of copper in the upper 
lithosphere is bound within these minerals. Consequently, copper be- 
longs to the group of the sulfophile elements, even though its sulfo- 
phile character is not very pronounced (chap. 5). 

Among the silicate minerals of copper chrysocolla, CuSi0s*nH 2 0, 
and dioptase, Cu 3 [Si 3 0 9 ] -3H 2 0, are the most important species. The 
former is relatively common, but neither of the two is found as an 
actual constituent of igneous rocks. Their occurrence is restricted 
mainly to hydrothermal veins, and therefore they have only slight 
significance as far as the geochemistry of copper is concerned. Ac- 
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cording to the surveys of Newhouse (1936) and Ramdohr (1940), 
copper is, chiefly or entirely, present as chaleopyrite, CuFeS 2 , in un- 
altered normal igneous rocks belonging to the main stage of crystal- 
lization, whereas only a smaller amount is found as bornite, Cu 6 FeS 4 , 
and cubanite, CuFeaSs. Like molybdenum, copper thus shows a 
strong tendency to combine with all available sulfur during the crys- 
tallization of rocks. However, the composition of the resulting copper 
sulfides is more complicated than in the case of molybdenum, which 
yields only molybdenite, MoS 2 . The copper-iron sulfides mentioned 
are always the last minerals to crystallize ; they fill the interstices be- 
tween other minerals in igneous rocks. 

According to Sandell and Goldich (1943), the average copper con- 
tent of igneous rocks is the following: 

Rock A 

Basic igneous rocks ... . 149 

Intermediary igneous rocks ... 38 

Acidic igneous rocks 16 

Lundegardh (1946) reports 15 g/ton Cu as the average for acidic 
rocks and 30 g/ton for basic igneous rocks, but the latter value is evi- 
dently too low. The values show that copper tends to become en- 
riched in the basic rocks, which contain about ten times as much cop- 
per as do the acidic ones. According to Newhouse (1936), the basic 
rocks form the locus of most abundant chaleopyrite. 

It is probable that small amounts of copper may replace ferrous 
iron in mineral structures in the absence of an appropriate supply of 
sulfur, owing either to oxidation or to previous crystallization. The 
reason for the substitution is the similarity of the radii of Cu 2+ 
(^0.83 kX) and Fe 2+ (0.83 kX), and the replacement would take 
place, e.g., in augites, as suggested by Ramdohr (1940). Carobbi and 
Pieruccini (1947) suggested that copper replaces Fe 2+ and Mg 2+ , for 
instance, in tourmaline. At any rate, it is evident that the occurrence 
of copper in silicate and oxide minerals is not very important geo- 
chemically, whereas the formation of sulfides is its most characteris- 
tic feature. 

The foregoing facts show that the rocks formed during the main 
stage of crystallization are not the proper abode of copper. This 
metal is found rather regularly as a constituent of the early-separated 
sulfides, which belong chiefly to the pyrrhotite-pentlandite paragene- 
sis. The series of Fournet and Schiitz shows that the affinity of copper 
for sulfur is higher than that of nickel and iron, the main metallic 
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constituents of the early-separated sulfides. Therefore, it follows 
that, during the separation of the sulfide phase from the silicate 
phase, copper becomes considerably enriched in the sulfide melt. The 
part of copper which remains in the silicate melt after the separation 
of the sulfides stays in residual magmas during the main stage of 
crystallization and all through the pegmatitic stage, being finally 
separated in the pneumatolytic and hydrothermal deposits. In the 
last-mentioned formations copper occurs as a constituent of a great 
number of sulfides and sulfosalts which show pronounced variations 
in their composition, manner of occurrence, and par agenesis, usually 
together with silver, germanium, tin, lead, iron, nickel, cobalt, and 
still other metals. A number of arsenides, antimonides, selenides, and 
tellurides of copper are known, in addition. The most important 
sulfides and sulfosalts of copper are the following: 

Chalcocite, C112S 
Bornite, Cu5FeS 4 

Chalcopyrite, CuFeS 2 
Tennant it e, C113ASS2-4 (?) 

Tetrahedrite, Cu 3 SbS 3 -i (?) 

Enargite, C113ASS4 
Cubanite, CuFe 2 S3 
Covellite, CuS 

Bournonite, 2PbS*Cu 2 S # Sb 2 S3 

The more important constituents of copper ores are included in this 
list. Chalcopyrite, with 34.6 per cent Cu, is one of the most important 
sources of copper. Along with the above minerals, the copper ores 
often contain secondary copper minerals as alteration products. They 
include native copper, chrysocolla, dioptase, and the following 
species : 

Cuprite, Cu 2 0 

Brochantite, Cu 4 [(OH) 6 1 SO 4 ] 

Chalcanthite, Cu[S0 4 ] * 5H 2 0 
Azurite, Cu 3 [OH | CO 3 I 2 

Malachite, Cu 2 [(0H) 2 |C0 3 ] 

Like the sulfides, the secondary minerals of copper also are constitu- 
ents of many copper-ore bodies of economic importance. A large 
number of other sulfates and carbonates of copper and its silicates, 
arsenates, and phosphates of varying and often complicated compo- 
sition are known as minerals. 

CYCLE OF COPPER 

During the weathering the superficial parts of the copper-ore 
bodies are oxidized. The copper-iron sulfides are decomposed, and 
copper is brought into solution as the stable cupric sulfate, whereas 
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the ferrous sulfate is oxidized rather rapidly, whereby sulfuric acid and 
ferric hydroxide are formed. The copper sulfate solutions migrate 
downward, and at a certain level immediately below the zone of 
oxidation, but still above the ground-water table, they react with the 
undecomposed sulfide minerals, and native copper and copper-rich 
sulfides (e.g., chalcocite and chalcopyrite) are thereby formed. Other 
copper minerals, e.g., cuprite; tenorite, CuO; azurite; and malachite, 
may also be deposited. Consequently, copper becomes enriched in the 
zone of cementation. In addition, the cupriferous solutions may mi- 
grate from the zone of weathering into the surrounding rocks along 
cracks and fissures and deposit copper as sulfate and carbonate. 
These minerals are readily observed because of their bright green and 
blue colors. Vogt and Rosenqvist (1942) found up to 3.2 g/ton Cu in 
surface waters which have passed through copper mines, open pits, 
waste-ore dumps, etc. During the weathering of the copper sulfides 
found in igneous rocks, copper dissolves as cupric sulfate in a similar 
way. As soon as possible, these solutions deposit copper as sulfide. If 
the cupriferous solutions are brought into contact with sapropelic 
muds, the precipitation of copper sulfide may be extensive enough to 
cause the formation of sedimentary copper ores, such as the bitumi- 
nous shales found in Germany and in Russia, e.g., the Permian 
Kupferschiefer at Mansfeld in Germany, which contains bornite, 
chalcocite, and chalcopyrite along with native silver, and zinc and 
lead minerals. According to Goldschmidt (1937a), these shales may, 
wholly or partly, owe their existence to the erosion and redeposition 
of old enriched humus soils. However, according to some more recent 
views (see e.g., Siegl, 1941), postdiagenetic acid solutions should be 
responsible for the copper mineralization of the shale. Sometimes 
copper salts are concentrated in ground waters as a result of profuse 
evaporation, particularly in arid regions, and copper may then be 
precipitated, for example, as carbonate, which in sandstones forms 
the cementing substance between the detrital mineral grains. 

To sum up what has been said above, copper goes into ionic solu- 
tion during the weathering, being afterward largely precipitated as 
sulfide. Another part of copper is trapped in hydrolyzate sediments 
by sorption. A third part is removed in the oxidates, e.g., in lake and 
bog ores and in manganese nodules, together with nickel, cobalt, zinc, 
lead, and other metals, whereby adsorption compounds like CuMn 2 0 5 
may be formed. The content of copper in some sediments and sedi- 
mentary rocks is presented in Table 36.2. 
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A small amount of copper remains in the oceans, but its content 
therein is kept low, owing to the adsorption on, or possibly combina- 
tion with, marine organisms. It is probable that copper is brought to 
the sea partly also by volcanic emanations, which often are cuprif- 
erous. Thus, for example, Zies (1924) found 2,300 g/ton Cu in a 
fumarolic magnetite from the Valley of Ten Thousand Smokes in 
Alaska. The amount of copper in sea water is too small to lead to the 
presence of noticeable amounts of copper in marine evaporates. Any 
cuprous salts brought into the sea are soon oxidized to cupric com- 
pounds. The solubility of copper in sea water is limited by that of 
its oxychloride, which is precipitated and gradually changes into a 
basic carbonate. 

TABLE 36.2 

Content of Copper in Sediments and Sedimentary Rocks 


Material (g/ton) 

Mississippi silt, average (Clarke, 1924) 34 

Terrigenous clays, average (Clarke, 1924) 128 

Terrigenous blue mud, average (Siebenthal, 1915) ... 7 

Red clay, average (Clarke, 1924) 160 

Italian argillaceous sediments (Carobbi and Pieruccini, 

1943) 192 

Manganese nodule (Siebenthal, 1915) . 3,000 

Limestones, average (Siebenthal, 1915) 20 2 

Dolomites, average (Siebenthal, 1915)... . . 12.6 


RIOGEOCHEMISTRY OF COPPER 

Copper possesses definite biophile properties. It is invariably found 
as a microconstituent of plants and animals. In plants it stimulates 
the growth when present in small amounts but is poisonous in large 
quantities. However, some plants are able to concentrate copper; for 
example, leguminous plants are rich in this metal. Erkama (1947) 
states that copper in plants may be present entirely as protein com- 
plexes. Vogt (1942) and Vogt and Braadlie (1942) have found that 
Viscaria alyina and Melandrium dioecum growing in copper-poisoned 
soil may endure a copper content as high as 6,500 g/ton, the normal 
content of soil being 20 g/ton Cu. The two plants are consequently 
able to survive in the neighborhood of outcropping copper-ore bodies, 
copper mines, etc., where all other vegetation will perish. Copper is 
also enriched in coal ashes. It is, further, concentrated in some ani- 
mals, the oysters being exceptionally rich, with a maximum of 60 
g/ton Cu in fresh tissue. Harvey (1945) suggests that copper may 
combine with large organic molecules to form insoluble salts or co- 
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ordination compounds which are only very slightly dissociated, such 
as the protein molecules. 

Copper is an essential element in the respiratory pigment hemo- 
cyanin found in the blood of many marine invertebrates (arachnids, 
crustaceans, mollusks) . It is also present in the ashes of seaweeds and 
corals. Turacin, a copper porphyrin, is found in feathers. Other natu- 
ral organic copper compounds include hemocuprin, hemocuprein, 
and hepatocuprein. Hemocuprein is a copper protein compound 
which is believed to be a factor in the synthesis of hemoglobin. Cop- 
per is also an essential microconstituent in the growth of many graz- 
ing animals and an oxidation catalyst in some enzymes which actual- 
ly are copper-protein complexes. 

Although much copper concentrated by marine organisms remains 
in organic circulation, a considerable proportion must have been de- 
posited during the geological history of the Earth in sediments rich 
in organic matter. Thus copper becomes enriched in bituminous sub- 
stances and sapropelic sediments. Native copper found in sediments 
and peat bogs is believed to be formed by micro-organisms able to 
reduce cupric sulfate solutions. 
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SILVER, GOLD 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

AS IN the ease of the platinum metals and copper, very small 
±\. amounts of silver and gold, if any, are present in silicate min- 
erals constituting the normal igneous rocks. Their abundance in ig- 
neous rocks and in the various meteorite phases is presented in Table 
37.1, which is based on the values given by Goldschmidt (19376), 
partly according to Noddack and Noddack and partly according to 
previous researches of Goldschmidt and Peters. However, some of the 

TABLE 37.1 

Abundance of Silver and Gold 


Material 

Ag 

Au 

g/ton 

Nickel-iron. ... 

4 

4 

Troilite 

18 

0.5 

Silicate meteorites ... 

(0) 

(0) 

Igneous rocks 

0.10 

0.005 


values recorded appear unreliable. As stated by Goldschmidt 
(19376), the values for igneous rocks might be too high. 

Geochemically, silver and gold differ sharply from each other. 
Silver is strongly enriched in the sulfide phase of the meteorites. This 
fact and the manner of occurrence of silver in the upper lithosphere 
afford proof of its typically chalcophile character. Gold, on the other 
hand, is very pronouncedly concentrated in the nickel-iron. It is true 
that gold readily accompanies chalcophile elements in the upper 
lithosphere, but this circumstance is due to the difference in the redox 
potential in the superficial parts of the Earth and in the meteorites 
(see chap. 1). With reference to its terrestrial manner of occurrence, 
gold, contrary to previous belief, is siderophile, being enriched in the 
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nickel-iron core. It therefore very much resembles platinum in this 
respect. 

The presence of silver has been established in the solar atmosphere, 
and gold is probably also present therein. 

MANNER OE OCCURRENCE IN THE UPPER LITHOSPHERE 
Silver, gold, and copper all belong to the same subgroup of the 
Periodic System. Therefore, the manner of occurrence of silver and 
gold in the upper lithosphere notably resembles that of copper. Cop- 
per and silver are sulfophile and occur mostly combined with sulfur 
and, partly, with selenium in the form of various sulfides and sele- 
nides. Silver forms, in addition, a number of tellurides and sulfosalts, 
the latter chiefly with copper, germanium, tin, lead, and manganese. 
In spite of its siderophile character, gold follows copper and silver in 
the upper lithosphere: it is sulfophile. How r ever, it does not form any 
independent sulfide minerals. Gold accompanies selenium and, par- 
ticularly, tellurium and becomes enriched together with these ele- 
ments. It is found in Nature in the native state, alloyed with silver 
and the platinum metals, and as tellurides in many sulfide deposits. 
The tendency of copper and silver to combine with sulfur and the 
affinity of gold for tellurium is probably partly due to the ionic prop- 
erties of these elements. Their ionic radii are the following: 


Cu+, 

0 96 kX 

s 2 -. 

1 74 kX 

Ag+, 

1.13 kX 

Se 2_ , 

1.91 kX 

Au + , 

1 .37 kX 

Te 2 -, 

2.11 kX 


Consequently, one would expect the cation with the greatest radius, 
Au + , preferably to combine with the biggest of the negatively 
charged ions, viz., Te 2 ~. 

Silver and especially gold are enriched in telluric iron separated 
from basalt: Goldschmidt and Peters (19325) report up to nearly 10 
g/ton Ag and 5 g/ton Au in such irons. Like copper, silver and gold 
also readily become enriched in sulfides separated during the early 
stages of magmatic differentiation. In the case of silver, which is geo- 
chemically chalcophile, this behavior is rather natural. Gold, on the 
contrary, affords another example of the general rule, valid for many 
siderophile elements like the platinum metals and rhenium, that, in 
the absence of a metal phase, such elements are concentrated in the 
sulfide phase. However, there are other elements, more or less pro- 
nouncedly siderophile, which are carried over to the silicate phase, 
e.g., phosphorus and tungsten. 


703 



GEOCHEMISTRY 


Among the early-separated oxides, only chromite contains gold 
and silver: Goldschmidt and Peters (19326) report contents of 
1 g/ton Ag and 0.2 g/ton Au. 

During the main stage of crystallization the content of silver and 
gold actually present in the separated minerals is probably still 
smaller than that of copper. Like copper, the two metals are enriched 
in the late magmatic products. The separation of gold, in particular, 
often begins prior to that of copper during the pegmatitic stage of 
crystallization. The pegmatitic and hydrothermal formations are the 
most characteristic abodes of silver and gold. Minerals genetically 
connected with pneumatolytic tin deposits may also carry notable 
amounts of silver and gold, such as cassiterite (up to 0.5 g/ton Au 
and nearly 100 g/ton Ag, according to Goldschmidt and Peters, 
19326), molybdenite (in excess of 100 g/ton Ag, nearly 10 g/ton Au), 
and triplite. The two metals are often enriched also in pegmatite 
minerals, such as ilmenorutile, tantalite, and samarskite (Lunde, 
1927; Lunde and Johnson, 1928). 

With the exception of native silver, which, like native copper, is 
often of secondary origin, the most important minerals of silver in- 
clude the following sulfides and sulfosalts : 

Argentite and acanthite, Ag 2 S 
Stephanite, 5Ag 2 S • Sb 2 S 3 

Polybasite, 8 (Ag,Cu) 2 S*Sb 2 S 3 

Pyrargyrite, Ag 3 SbS 3 

Proust ite, Ag 3 AsS 3 

All the minerals listed are important ore minerals of silver, argen- 
tite being probably the most important primary silver mineral. The 
argentian tetrahedrite (freibergite), (Cu,Ag) 3 (Sb,As)S 3 - 4 (?) may 
also be an important ore of silver. Still another argentiferous mineral 
of technical importance is galena, which may contain up to 2 per cent 
silver. The galenas formed at high and intermediate temperatures are 
richer in silver than those crystallized at low temperatures (Oftedal, 
1940). The silver content of galena is usually due to the presence of 
admixed silver minerals separated from the galena structure. Some- 
times there occur small amounts of argentite or matildite (Schap- 
bachite), AgBiS^, which form isomorphic mixtures with galena. Pure 
sphalerite is always devoid of silver (Oftedal, 1940). 

Native silver is never pure; it usually contains gold, copper, and 
other metals as impurities. Silver also occurs alloyed with mercury as 
kongsbergite, a-(Ag,Hg), and moschellandsbergite, Y-(Ag,Hg). 
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The most important gold tellurides are calaverite, AuTe 2j and syl- 
vanite, AuAgTe 4 . Like native silver, native gold also is always im- 
pure. Silver, copper, iron, and the platinum metals are the foremost 
impurities. The gold amalgam, (Au,Hg), is rare. 

In the simultaneous presence of a sulfide and an arsenide fanti- 
monide) phase, gold, because of its siderophile behavior, is preferen- 
tially concentrated in arsenides and antimonides, which possess a 
pronouncedly metal-like character. Likewise, gold, as a siderophile 
element, prefers the metal-like minerals of the pyrite and marcasite- 
loellingite groups. It is generally associated with pyrite and arseno- 
pyrite. 

According to Goldschmidt and Peters (19326), silver predominates 
over gold in most sulfides and sulfosalts found in hydrothermal veins, 
as in chalcopyrite, bornite, and tetrahedrite, in which the Ag:Au ra- 
tio is 500-2,000, whereas gold is preferentially concentrated in the 
hydrothermal cobalt arsenides and especially nickel arsenides. If 
both chalcopyrite and pyrrhotite (pentlandite) are formed in a sulfide 
deposit, silver prefers the former. Lunde (1927) reports 11.5 g/ton 
Ag in the chalcopyrite from Knaben, Norway, and only 4.0 g/ton in 
the associated pyrrhotite. In late hydrothermal veins gold accom- 
panies quartz, whereas silver minerals are usually found in carbonate 
veins (van Aubel, 1934) . Gold seems to prefer the sodic albite pegma- 
tites connected with acidic and intermediary magmas, whereas tin is 
found in potassic pegmatites. In the magmatic solutions gold, being 
chemically rather inert, is at least partly carried as dissolved or col- 
loidal native metal. 

No reliable values are available to show the average content of 
silver and gold in igneous rocks. Lunde (1927) and Lunde and John- 
son (1928) found up to 2.1 g/ton Ag in dunite, up to 9.4 g/ton in 
peridotites, and 0.3 g/ton in eclogite. In eclogite, silver is contained 
in the garnet, whereas the pyroxene is devoid thereof. Goldschmidt 
and Peters found 0.5 g/ton Ag in a norite; Wagoner (according to 
Clarke, 1924) reports 0.5 g/ton Ag in a basalt, 7 g/ton in a diabase, 
and 0.9-7.7 g/ton in granites. The average found by Goldschmidt 
(1926) for the alkalic igneous rocks of the Oslo province is 0.12 g/ton 
Ag. The gold analyses are still scarcer. Leutwein (1939) found 0.1 
g/ton Au in pyroxenite, and 0. 1-0.2 g/ton in amphibolites of mag- 
matic origin. The value for amphibolites of sedimentary origin was 
0-0.1 g/ton. Wagoner found 0.026 g/ton Au in a basalt, 0.076 g/ton 
in a diabase, and 0. 1-1.1 g/ton in granites. 
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CYCLE OF SILVER AND GOLD 

Gold and silver also differ notably from each other in their behav- 
ior during weathering. Like copper, silver is brought into solution 
as sulfate. However, the solubility of silver sulfate is lower than that 
of cupric sulfate. In the cementation zone of ore deposits, silver is i 
reprecipitated, usually as the chloride chlorargyrite, AgCl, which is 
an ore mineral of silver, or as sulfide. Bromides and iodides of silver 
are similarly found in the upper parts of silver deposits as products of 
secondary reactions caused by descending waters. The silver-bearing 
solutions formed during weathering deposit their silver as either 
sulfide, chloride, or sulfate in the hydrolyzate sediments. Sometimes 
silver is deposited in sandstones as chloride closely associated with 
plant fossils and clay galls (Utah, United States). Another example 
of the action of biological processes in the deposition of silver is af- 
forded by the Dictyonema shales of Scandinavia, which may contain 
several g/ ton Ag (Goldschmidt, 1931a). The marine hydrolyzates are 
sometimes remarkably rich in silver. Goldschmidt (1926) reports the 
averages given in the accompanying table. These values afford proof 

Material 


Norwegian Quaternary clays 0.05 

Deep-sea sediments 0.11 

Terrigenous sediments, western coast 
of South Africa 0 66 


of considerable regional variations in the silver content of various 
parts of the Earth. 

According to Wagoner (quoted by Clarke, 1924), sandstone con- 
tains 0.44 g/ ton Ag and limestone about 0.2 g/ton. Silver becomes 
concentrated in marine oxidates also: Goldschmidt and Peters 
(1932&) found 1 g/ton Ag in a manganese nodule. 

Because gold is chemically more inert than silver and because its 
compounds are readily reduced to metal, it remains largely in the 
native state and becomes concentrated in the resistates. Owing to 
its high specific gravity, gold often forms placer deposits with a rela- 
tively high gold content. These deposits represent one of the most 
important types of gold ores. Gold is readily dissolved and trans- 
ported, probably largely in colloidal solutions, which may deposit it 
even at low temperatures. Any gold dissolved from gold ores in the 
zone of oxidation is redeposited in the cementation zone, in which a 
secondary enrichment may sometimes take place. Only negligible 
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amounts of gold are carried into the seas ; gold is finally removed by 
adsorption on hydrolyzate sediments. Like silver, gold may become 
enriched in the oxidates. Wagoner (according to Clarke, 1924) found 
an average of 0.028 g/ton Au in some sandstones and 0.005-0.009 
g/ton in limestones. Goldschmidt and Peters (19325) report 0.2 g/ton 
Au in a manganese nodule. 

MANNER OF OCCURRENCE IN THE BIOSPHERE 

Silver is known as a widely, but very sporadically, distributed 
microconstituent in various terrestrial and marine organisms. Up to 
1.5 g/ton Ag are reported in the ashes of marine algae. Sea water rich 
in plankton organisms is reported to be particularly high in silver and 
gold, and it has been suggested that these metals are not present in 
true solution in sea water but are adsorbed on the surface of marine 
organisms. Silver is also reported to occur in fungi, and algae are be- 
lieved to precipitate silver from thermal waters. A maximum of 
10 g/ton Ag is reported in coal ashes (see chap. 8), in which silver is 
consequently considerably enriched. According to Mitchell (1944), 
the silver content of soil may be as high as 2 g/ton. 

Gold is known to become concentrated by certain plants particu- 
larly in seeds, but its biological role in plants is unknown. Only few 
plants seem to be able to concentrate gold. The ashes of Equisetum 
growing in gold-rich areas may contain up to 610 g/ton Au, corre- 
sponding to a content of approximately 60 g/ton in the plant. 
Humus soil contains 0.1-0. 5 g/ton Au (v. Thyssen-Bornemisza, 
1942). Up to 0.5 g/ton Au may be present in coal ashes. Gold is also 
found in some marine animals. Fine gold particles derived from sand 
are sometimes found in the stomachs of birds. 

The action of man as a concentrating agent of silver and gold is of 
geochemical interest. Zviaginzev (1941) has calculated that the con- 
centration of gold in the anthroposphere is already of the order of 
0.001 per cent of the total amount of gold in the Earth. 
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ZINC, CADMIUM 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

B ESIDES being found in the Earth, zinc and cadmium have been 
1 detected and quantitatively determined in the solar atmos- 
phere, and the presence of zinc has been established in stellar atmos- 
pheres as well. The most recent abundance values of these metals in 
igneous rocks are calculated for zinc from data given by Lundegardh 
(1947) and for cadmium by Sandell and Goldich (1943). The values 
reported for the meteorites are from Noddack and Noddack (1930, 
1934). All these values are given in the accompanying table. 



Zn 

Cd 

g/ton 

Nickel-iron 

115 

8 

Troilites. . . 

1,530 

30 

Chondrites . 

76 

1 6 

Igneous rocks 

132 

0 15 


Although these values cannot be considered final, they show that 
the highest concentrations of the two metals are met in the sulfide 
phase of meteorites, the second highest values being found in igneous 
rocks (Zn) and in the metal phase (Cd) . The silicate meteorites con- 
tain considerably lower quantities of the two metals. It is evident 
that zinc and cadmium are predominantly chalcophile. In the upper 
lithosphere they are classified among the oxyphile elements. 

MANNER OF OCCURRENCE IN IGNEOUS ROCKS; ORES 

In the early magmatic sulfides the amount of zinc and cadmium is 
relatively low. Sphalerite, the most common and most important of 
the sulfide minerals of zinc, which also contains a large proportion 
of all cadmium (up to 4.5 per cent, according to Oftedal, 1940), does 
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not belong to the pyrrho tite-pentlandite paragenesis. This circum- 
stance is fully in accord with the fact illustrated by the series of 
Fournet and Schtitz (see chap. 36), viz., that the affinity for sulfur 
of zinc and of the chemically rather closely related cadmium is lower 
than that of iron, nickel, cobalt, and copper, all of which are found 
as the main constituents of the sulfide minerals in question. However, 
the part of zinc and especially cadmium which is separated from the 
magma contemporaneously with the early sulfides remains in the 
residual solutions formed during their crystallization and goes into 
the late differentiates. Therefore, zinc and cadmium are more sub- 
stantial constituents of those parts of the sulfide ores which were the 
last to crystallize and which often intrude the surrounding rocks in 
the form of apophyses. However, Ramdohr (1940) believes that a 
small part of zinc is found in pyrrhotite, because some pyrrhotites 
formed at elevated temperatures, e.g., in basalt, contain admixed 
sphalerite, which probably was originally present as wurtzite. It 
must also be noticed that troilites may contain as much as 6,000 
g/ton Zn (Goldschmidt, 19376). 

Along with cadmium, sphalerite may carry iron, manganese, co- 
balt, gallium, germanium, indium, and thallium. An extensive litera- 
ture exists dealing with the minor elements incorporated in sphaler- 
ite. These impurities may be used as indicators of the temperature of 
formation of the sphalerites, although regional causes are also known 
to be active in determining its composition. As a general rule, the 
hydrothermal sphalerites formed at high temperatures contain cobalt 
and much iron and manganese, whereas the content of gallium and 
germanium is low and thallium is absent. The content of cadmium 
seems to be relatively independent of the temperature and geological 
surroundings. Gallium and indium favor sphalerites formed at inter- 
mediate temperatures. Low iron and manganese contents afford 
proof of an intermediate or low temperature of formation; the con- 
tent of germanium is high in low-temperature sphalerites, and thal- 
lium is found only in sphalerites formed under such conditions (Gold- 
schmidt and Peters, 1933a; Graton and Harcourt, 1935; Oftedal, 
1940; Stoiber, 1940; Evrard, 1943; Gabrielson, 1945; Warren and 
Thompson, 1945). 

The silicate rocks formed during the main stage of differentiation 
contain proportionately more zinc than cadmium. The manner of 
occurrence of zinc is determined by its property of diadochically re- 
placing ferrous iron and magnesium in mineral structures. The radii 
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of these ions are: rz n * = 0.83 kX; rp e 2 + = 0.83 kX; r Mg ^ = 0.78 kX. 
This similarity causes the presence of zinc in magnetite and ilmenite 
and explains the fact that early magmatic oxide ores are actually 
weakly zinciferous. Although zinc forms the independent minerals 
gahnite, ZnAl 2 Q 4 , and franklinite, (Zn,Mn)Fe 2 0 4 , they are not 
usually found in igneous rocks but occur in metamorphic rocks, being 
apparently formed in the reaction between zinc sulfide and oxides of 
other metals. Zinc does not form independent silicate minerals in 
igneous rocks. No ternary compound is known of the system 
Zn0-Al 2 0 3 -Si0 2 ; and the thermochemical studies of Schiebold (1931) 
indicate that zinc cannot be normally incorporated in feldspars (see 
chap. 5) ; Ottemann (1941) reports a zinc content up to 0.006 per cent 
in plagioclase of metasomatic rocks. There are local varieties rich in 
zinc of many minerals of petrological importance, such as amphibole, 
pyroxene, melilite, tourmaline, garnet, etc., but they have no general 
geochemical importance. Foshag (1936) reports 4.70 per cent ZnO 
in a sodic amphibole. Biotite usually shows the highest content of 
zinc among the common rock-making minerals; the content is lower 
in phlogopite and still more so in muscovite (Erametsa, 1945). Bray 
(1942a) reports as much as 0.24 per cent ZnO in biotite. Along with 
the amphiboles and pyroxenes, biotite is the main carrier of zinc in 
normal igneous rocks. 

Notwithstanding its relatively great ionic radius, zinc in its com- 
pounds is always 4-co-ordinated with respect to oxygen. The reason 
for this exceptional behavior is still unknown. This manner of occur- 
rence of zinc causes its minerals, in general, to have relatively loosely 
packed structures. As shown by Fairbairn (1943), the packing index 
of zinc minerals is always smaller than that of other minerals with 
corresponding structures. Another remarkable fact in the crystal 
chemistry of zinc minerals is the isotypy of willemite, Zn 2 [Si0 4 ], and 
phenakite, Be 2 [Si0 4 ]. It should be noticed that the ionic radius of 
Be 2+ (0.34 kX) is less than half the radius of Zn 2+ . 

During the magmatic differentiation, zinc and cadmium, together 
with many other elements, remain largely in the residual melts and 
solutions throughout the main stage of crystallization and the peg- 
matitic stage. Lundegardh (1948) found the highest zinc contents in 
the later, more acidic products of differentiation and in such later 
differentiates as have the highest content of ferromagnesium miner- 
als, especially biotite. He also claimed that the high volatility of some 
of its compounds tends to concentrate zinc toward the later stages of 
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differentiation. His findings confirm the early results of Brundin 
(1933) ; the contradictory evidence presented by Sandell and Goldich 
( 1943) may be caused by regional differences in the zinc content. The 
content of zinc in some igneous rocks is presented in Table 38.1, ac- 
cording to the values given by Lundegardh (1948). 

Zinc and cadmium become strongly enriched in the hydrothermal 
rocks formed at relatively low temperatures. Nearly all known zinc 
minerals belong to such formations. The following list includes the 

TABLE 38.1 

Content of Zinc in Some Igneous Rocks 


Zn 

Swedish Rocks of the TJrgranite Suite (g/ton) 

Gabbro 90 

Quartz diorite, diorite 120 

Granodiorite, quartz syenite 200 

Plagioclase granite 150 

Plagioclase-microcline granite 30 


most important species, with the exception of the two zincian spinels 
already mentioned: 

Sphalerite and wurtzite, ZnS 
Zincite, ZnO 

Smithsonite, Z 11 CO 3 

Willemite, Zj^tSiOJ 

Hemimorphite, Zn 4 [(OH) 2 1 Si 2 0 7 ] * H 2 0 

The simple metasilicates, ZnSi0 3 and CdSi0 3 , are unknown. 
Sphalerite, with a theoretical zinc content of 67 per cent, is the most 
important ore mineral of zinc, but the other minerals listed above are 
also used as zinc ores, particularly when found in mineral veins. 

Cadmium reveals its oxyphile character in igneous rocks less clear- 
ly than zinc does. The cadmium content of igneous rocks is several 
hundred times lower than that of zinc. Cadmium is much less abun- 
dant than zinc, and the abundance ratio of the two elements in igne- 
ous rocks is Zn : Cd ~ 900 : 1. In spite of the similarity of the radii of 
Cd 2+ (1.03 kX) and Ca 2+ (1.06 kX), the former cannot enter the feld- 
spar structure, as was proved by Schiebold (1931). Goldschmidt and 
Hormann (Goldschmidt, 19376) have found notable concentrations 
of cadmium (about 5 g/ton) in certain plagioclase rocks, but the 
manner of occurrence of cadmium in these rocks is still unknown, and 
actually cadmium very seldom becomes enriched in igneous rocks. 

The information concerning the changes of cadmium content dur- 
ing magmatic differentiation is still controversial. Preuss (1941) re- 
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ports an average content of 0.2 g/ton Cd in granites and less than 
0.02 g/ton in gabbros, whereas the content given by Sandell and 
Goldich (1943) is 0.12 g/ton in granites and 0.2 g/ton in basic rocks. 

Owing to its weaker oxyphile character, cadmium becomes nearly 
quantitatively enriched in hydrothermal rocks and minerals, and its 
highest concentrations are met in formations belonging to the lower- 
most temperatures. Greenockite, CdS, is found in low-intensity hy- 
drothermal deposits. Zinc often appears already in perimagmatic 
mineral assemblages, e.g., in many contact rocks, whereas cadmium 
is most strongly enriched in ores with a more or less pronounced 
apomagmatic character. 

According to Sandell and Goldich (1943), cadmium, like zinc, 
seems to be concentrated in ferromagnesian minerals. The major part 
of cadmium in acidic igneous rocks is present in biotite. Traces of 
cadmium have also been reported in apatite. Cadmium has a notable 
tendency to become concealed in the sphalerite structure, but other 
zinc minerals also regularly contain small quantities of cadmium. The 
most important zinc compound found in Nature, viz., zinc sulfide, is 
dimorphic, being found both as sphalerite and as wurtzite, which is 
the rarer and the more unstable of the two. The corresponding cad- 
mium compound, greenockite, CdS, is one of the few independent 
cadmium minerals. It is frequently present as a thin coating on the 
surface of zinc minerals, especially on weathering sphalerites rich in 
cadmium. The structure of greenockite is analogous to that of wurtz- 
ite and thus differs from that of sphalerite. The radii of Zn 2+ and 
Cd 2+ differ notably from each other, and this circumstance is evi- 
dently responsible for the separation of cadmium sulfide as greenock- 
ite during the weathering of sphalerite. This is another example of the 
fact that two ions with considerably varying dimensions may replace 
each other diadochically at elevated temperatures, being, however, 
readily separated from each other at lower temperatures in two com- 
pounds. Another rare cadmium mineral, cadmium oxide, CdO, is 
found as a coating on hemimorphite. 

CYCLE OF ZINC AND CADMIUM 

Zinc goes readily into solution as sulfate or chloride during the 
weathering, and these compounds are transported in surface and 
ground waters. Zinc deposits may undergo enrichment in the zone of 
weathering, whereby zinc is redeposited as sulfide, oxide, carbonate, 
or silicate, and the process may lead to complete extraction of zinc 
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from the upper parts of zinc-ore bodies. The Zn 24- ion is consequently 
very mobile; according to Wickman (1944) it lies on the border be- 
tween the soluble cations and the elements of hydrolyzates (see 
chap. 5). Cadmium is also dissolved as sulfate and chloride, but, be- 
cause of its higher affinity for sulfur, it is precipitated as greenockite 
and becomes enriched in the zone of reduction. No cadmium is pres- 
ent in the resistates (Preuss, 1941). Zinc and cadmium, together with 
other elements having a high affinity for sulfur, are precipitated and 
enriched in hydrolyzates, especially in sulfur-bearing muds. The en- 
richment of zinc is often rather pronounced, if compared with its 
concentration in igneous rocks. The zinc content of sediments and 
sedimentary rocks is presented in Table 38.2, which is based on in- 
formation given by Palmqvist (1935) and Lundegardh (1948). The 
enrichment of cadmium is not very pronounced. Preuss (1941) re- 
ports an average content of 0.3 g/ton Cd in shales. 


TABLE 38.2 

Zinc Content of Sediments and 
Sedimentary Rocks 


Material 

Jotnian sandstone 

Zn 

(g/ton) 

<20 

Clays . . 

Shales 

. . 80-230 

200-1,000 

Oolite 

... 80 

Siderite 

Ordovician limestone .... 

40 

. . <50 


Although shales containing organic remains are often rich in zinc 
and cadmium, the highest concentration of these metals occurs in 
places where the production of hydrogen sulfide by decaying organ- 
isms has been rather weak. Thus, for example, the Mansfeld Kupfer - 
schiefer in Germany does not contain zinc and cadmium enriched in 
the same horizons as those in which copper is enriched. The two 
metals accompany lead and occur in zones independent of those of 
copper. Sphalerite is sometimes present in the Cambrian alum shales 
of Sweden (Lundegardh, 1948). 

The oxidate sediments, e.g., the manganese-rich lake and bog ores, 
adsorb significant amounts of zinc and cadmium. Zinc remains, in 
part, in sea water and is finally deposited in carbonate sediments. 
Smithsonite, the zinc carbonate, is isomorphic with calcite, as is also 
otavite, the cadmium carbonate, CdC0 3 . Otavite, as a coating on 
sphalerite and smithsonite, is a product of weathering, and its man- 
ner of occurrence is therefore similar to that of greenockite. Nothing 
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is known, so far, of the occurrence of cadmium in carbonate sedi- 
ments. Both zinc and cadmium, on the other hand, are considerably 
enriched in phosphorite deposits of organic origin. Brundin (1933) 
reports several thousand grams per ton of zinc in the sedimentary 
phosphates of the South Sea Islands. The content of cadmium in the 
phosphate rock may be as high as about 100 g/ton. 

BIOGEOCHEMISTRY OF ZINC AND CADMIUM 

Zinc is an essential element in the biosphere. In low concentrations 
it stimulates the growth of plants, but in large quantities it is very 
toxic to most plants. Sometimes it is concentrated by plants: a maxi- 
mum of 16 per cent Zn is reported in the ashes of Thlaspi calaminate. 
Zinc is also enriched in coal ashes (chap. 8). In addition, it becomes 
fixed in soil, and in this process some micro-organisms seem to be of 
importance. In marine organisms the highest zinc content is found 
in oysters. Zinc is essential also for higher animals. 

Cadmium has been found in some mollusks and annelids, but its 
significance in organisms is still unknown. 
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MERCURY 

ABUNDANCE AND GEOCHEMICAL CHARACTER 

N OTWITHSTANDING its position in the same group of the 
Periodic System with zinc and cadmium, mercury deviates 
rather strongly from these metals with reference to its geochemical 
character. The information concerning the abundance of mercury in 
meteorites is scarce: Noddack and Noddack (1931a, 1934) report 0.2 
g/ton Hg in the troilite of the Canon Diablo meteorite, and they esti- 
mate the average content of mercury in chondrites to be less than 
0.01 g/ton. Therefore, it seems to be probable that mercury, l i k e zinc 
and cadmium, is concentrated in the sulfide phase and is geochemi- 
cally a chalcophile element. In the lithosphere mercury is classified 
among the sulfophile elements (chap. 5). Owing to its relatively high 
volatility, some mercury is always present in the atmosphere and 
thus shows a well-defined atmophile tendency. 

Mercury is definitely absent in the solar atmosphere. Goldschmidt 
(19376) suggests 0.5 g/ton as its abundance in igneous rocks. The 
value given by Saukov (1946) is 0.077 g/ton. 

MERCURY IN IGNEOUS ROCKS; ORES OE MERCURY 
Zinc and cadmium are present only in traces in the early-separated 
magmatic sulfides. The absence of mercury is still more pronounced, 
and the mercury content of such sulfides is practically nil. As a mat- 
ter of fact, mercury is almost completely absent in the early crvstal- 
lates of magmas, and in rocks belonging to the main stage of crystal- 
lization its content is also rather low. The mercury content of various 
igneous rocks is presented in Table 39.1. The values show that the 
content of mercury in igneous rocks is rather uniform. 

Compared with the enrichment of zinc and cadmium in the miner- 
al assemblages belonging to the lowermost temperature ranges of the 
hydrothermal stage of crystallization, that of mercury is still more 
pronounced. Such concentration of mercury takes place in geologi- 
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cally young volcanic areas, particularly in connection with zones of 
tectonic movements, where hot springs in fracture zones may some- 
times contain mercury as readily soluble double sulfides. Hydrother- 
mal sulfides, formed at low temperatures, usually contain small 
amounts of mercury. 

According to Saukov (1946), mercury, as the Hg 2+ ion (radius 1.12 
kX), may replace Ca 2+ (radius 1.06 kX), although this diadochy is 
very limited. Another possibility is the Hg + -Ba 2+ diadochy, which ex- 
plains the presence of mercury, in concentrations up to 0.5 per cent 
Hg, in some barites. 

Mercury is one of the most typical telemagmatic metals. The sul- 
fosalts of arsenic and antimony, e.g., tetrahedrite with up to 17 per 
cent Hg, may sometimes contain considerable amounts of mercury, 


TABLE 39.1 

Average Content of Mercury in Igneous Rocks 


Rock 

Hg 

(g/ton) 

Gabbro (Stock and Cucuel, 1934) . 

0.079 

Gabbro (Preuss, 1941) 

0.1 

Basic effusives (Saukov, 1946) 

. 0.09 

Granite (Stock and Cucuel, 1934) 

0 058 

Granite (Preuss, 1941) 

. . 0 01 

Acidic intrusives (Saukov, 1946) . . 

0 064 


which in such cases is recovered as a by-product during the metallur- 
gical treatment of the ores. Livingstonite, HgS-2Sb 2 S 3 , is sometimes 
associated with other sulfosalts. Cinnabar, HgS, occurs as the main 
sulfide mineral in most mercury deposits; small amounts of native 
mercury, Hg, are found in many deposits; local concentrations of 
metacinnabar, HgS, are met in some cases. All other mercury miner- 
als are rare. Pyrite and marcasite are commonly associated with cin- 
nabar, and native sulfur is present in some deposits. 

Mercury is also obtained from some gold veins which carry it part- 
ly as a telluride (coloradoite, HgTe), partly as a gold amalgam. Silver 
and palladium amalgams are also known in Nature, and the oxide 
HgO (montroy dite), a number of selenides, halogenides, and oxy- 
chlorides occur as minerals. The Almaden district in Spain is typical 
of the occurrence of mercury : the mercury minerals were deposited 
in a porous sandstone from hot thermal solutions. 

CYCLE OF MERCURY 

The quantitative cycle of mercury is still known very inadequate- 
ly. The volatility of mercury facilitates its migration, and in this re- 
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spect mercury differs from all other metals. Mercury may migrate 
either in the native state or as the soluble mercuric chloride, HgCl 2 . 
In the presence of oxidizing agents cinnabar is oxidized to sulfate. 
The mercury content of some sedimentary rocks is given in Table 
39.2. 

The hydrolyzate sediments form the proper surroundings for the 
enrichment of mercury. It is evident that the mercury content of 


TABLE 39.2 

Content of Mercury in Sedimentary Rocks 


Rock 

Hg 

fg/'ton) 

Sandstones, average (Preuss, 1941) 

. 0 1 

Sandstone (Stock and Cucuel, 1934) 

0 033 

Shales, average (Stock and Cucuel, 1934) 

. 0.51 

Shales, average (Preuss, 1941) 

. . 0 3 

Chinle shale, average (Lausen, 1936) 

. . 40 

Limestone (Stock and Cucuel, 1934) 

. . 0 033 
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Fig. 39.1. — The cycle of mercury 

shales is decidedly higher than that of igneous rocks. The enrichment 
of mercury in hydrolyzate sediments was explained by Goldschmidt 
(19376), who assumed that, like boron, sulfur, and chlorine, mercury 
has also been largely introduced into the sea by volcanic emanations. 
Therefore, only a minor proportion is furnished by the weathering of 
rocks. The content of mercury is kept very low in sea water by its 
adsorption into the hydrolyzate and oxidate sediments. 

The relatively high vapor pressure of mercury causes its presence 
in small amounts in the air, which are produced by its evaporation 
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from the land surface. The mercury evaporated into the atmosphere 
returns in rain water. Stock and Cucuel (1934) found an average con- 
tent of 0.00^ g/ton Hg in rain water. The content in spring water is 
0.0001-0.0005 g/ton and in sea water 0.0003 g/ton. 

The cycle of mercury is presented in Figure 39.1. 

MERCURY IN THE BIOSPHERE 

Both plants and animals are able to concentrate mercury, but its 
physiological significance, if any, is still unknown. Marine algae may 
concentrate mercury, and some species are found which contain more 
than a hundred times as much mercury as sea water does. In excep- 
tional cases mercury is concentrated as native mercury in some land 
plants. Vegetable fats are relatively rich in mercury. All fishes are 
also rich in mercury; Stock and Cucuel (1934) report a maximum 
content of 0.18 g/ton. In higher vertebrates mercury concentrates in 
the kidney. Fossil coals are not rich in mercury, but in this case the 
vapor pressure of the metal might be instrumental in decreasing its 
concentration. In view of the toxic effect of mercury, the depoisoning 
of sea water by precipitation in the hydrolyzates is of high impor- 
tance for the presence and development of higher forms of life in the 
oceans. 
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GALLiUM, SNDIUM, THALLIUM 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

T HE abundance of gallium, indium, and thallium in the meteorite 
phases and in igneous rocks is, so far, somewhat incompletely 
known. The values thought to be the most reliable are recorded in 
Table 40.1. The values are presented according to the following 
authorities: all gallium values, indium in nickel-iron, troilite, and 
igneous rocks, and the lower limit of thallium in igneous rocks from 
Goldschmidt (19376); indium and thallium in the silicate phase of 


TABLE 40.1 

Abundance of Gallium, Indium, and Thallium 


; 

Material 

Ga | 

In l 

i 

Ti 

g/ton 

Nickel-iron of meteorites 

8 

0 5 

unknown 

Troilite . . . . . . . 

8 

0 5 

0 3 

Silicate phase of meteorites 

3 

0 24 

0 15 

Igneous rocks 

15 

0 1 

0.3-3 


the meteorites from Noddack and Noddack (1934); thallium in 
troilite from Noddack and Noddack (1930) ; the upper limit of thalli- 
um in igneous rocks from Ahrens (19476). The values found for igne- 
ous rocks are probably relatively accurate, but the other values are 
still only tentative. It may be added that van Tongeren (1938) re- 
ported the average of 42 g/ton Ga for igneous rocks of the Dutch 
East Indies. The high gallium content may be a regional peculiarity 
of this area. The value given by Ahrens (19476) for thallium, viz., 
3 g/ton, is based on the observed close association of thallium and 
rubidium in minerals and on the assumption that in the upper litho- 
sphere the ratio Rb:Tl is about 100:1. Ahrens’ value does not agree 
with the rule of Oddo and Harkins. Being derived largely from anal- 
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yses of potassium minerals of acidic igneous rocks, this value is un- 
doubtedly too high. 

At any rate, the values recorded in Table 40.1 show that all the 
three metals are conspicuously chalcophile in physicochemical sys- 
tems containing a sulfide phase. Gallium is, in addition, siderophile, 
even though its character is not pronouncedly so. Furthermore, all 
these elements possess lithophile tendencies, gallium being the most 
pronouncedly lithophile of the three. The lithophile character of in- 
dium is rather weak. This discussion shows that the general geo- 
chemical character of these metals is rather versatile. Both their 
chalcophile and their lithophile properties determine their manner 
of occurrence in the lithosphere. 

The abundance of gallium and indium in the solar atmosphere is 
known, but thallium is absent therein. 

MANNER OF OCCURRENCE IN IGNEOUS ROCKS; ORES 

In the geochemical classification of the elements presented by 
Vernadsky (1924), both gallium and indium were included in the 
group of the typically dispersed elements. According to Vernadsky, 
the two elements are nowhere enriched; they are of widespread oc- 
currence but always in very small concentrations. Consequently, 
Vernadsky considered gallium and indium very scarce elements. So 
far, no minerals have been found which contain these metals as es- 
sential constituents. However, it is known that gallium and indium 
may become enriched in certain minerals and rocks. It should also be 
noted that the abundance estimated for gallium by Vernadsky is too 
low. This circumstance was actually discovered, long before Vernad- 
sky’s studies, by Hartley and Ramage (1897), who were able to show 
that numerous minerals, rocks, and ores, particularly magnetite, 
contain considerable quantities of gallium. Consequently, gallium is 
not among the least abundant of the elements. In their studies 
Hartley and Ramage also recorded the widespread occurrence of in- 
dium and thallium in minerals and rocks. 

In the upper lithosphere gallium, indium, and thallium are rather 
strongly oxyphile (chap. 5). The greatest part of all gallium present 
in the upper lithosphere is met in silicate minerals, in which its man- 
ner of occurrence is governed by the diadochy between the trivalent 
ions Ga 3 + and Al 3+ . The radii of the two ions are very nearly equal, 
viz., 0.62 and 0.57 kX, respectively. Therefore, gallium encounters 
no difficulties in replacing aluminum diadochically in 6-co-ordina- 
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tion. It is, in addition, able to form [GaCb] tetrahedra, which may re- 
place the [A10 4 ] tetrahedra in certain silicates. 

Wickman (1943) explained the camouflage of gallium by alumi- 
num. The reason is that the E- values of the two metals are similar 
and that aluminum, an abundant element, takes an active part in the 
formation of minerals. The .E-value of 4-co-ordinated gallium must 
be lower than that of aluminum because gallium becomes enriched 
during the differentiation. Because the charge of the surrounding 
anions influences the E-values of cations, the gallium ions, when co- 
ordinated with fluorine, migrate readily, and the result is a low gal- 
lium content of aluminum fluoride minerals. On the other hand, gal- 
lium becomes stabilized when co-ordinated with oxygen ions and 
consequently enters silicate minerals. 

The concealing of gallium in minerals in the place of aluminum is 
by far its most important manner of occurrence in minerals, with the 
exception of sulfides. The similarity of the radii of Ga 3+ , Cr 3-1 - (0.64 
kX), and Fe 3+ (0.67 kX) is responsible for the presence of gallium in 
some chromites and early magmatic iron ores (Einecke, 1937); Gold- 
schmidt and Peters (1931a) report up to about 7 g/ton Ga in early- 
separated chromites, magnetites, and sulfide minerals. Thus, as em- 
phasized by Wickman (1943), the earliest products of differentiation 
already show Ga:Al ratios not materially different from those found 
in minerals crystallizing from the residual solutions. Among the 
aluminum minerals, practically only the pneumatolytic fluoride cry- 
olite, Na 3 [AlF 6 ], is devoid of gallium. Goldschmidt and Peters 
(1931a) report much less than 3.7 g/ton Ga in cryolite from Ivigtut, 
Greenland; sphalerite from the same locality contains nearly 74 
g/ton Ga. Gallium is known to become concentrated, along with 
aluminum, in pegmatites, notably in those approaching hydrother- 
mal characteristics. However, the values cited above show that, when 
the deposition of sulfides begins, gallium deserts aluminum in favor 
of sphalerite (Graton and Harcourt, 1935). 

Even though gallium closely accompanies aluminum in rocks, the 
geochemical coherence of the two metals is rather weak, and their 
abundance ratio does not remain constant, as was shown by Gold- 
schmidt and Peters (1931a). As has been repeatedly mentioned, gal- 
lium is somewhat enriched in the late crystallates during the mag- 
matic differentiation. This behavior is also shown by the regional 
studies of van Tongeren (1938) and Sahama (19456). Greisen is es- 
pecially high in gallium (Goldschmidt, Hauptmann, and Peters, 
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1933). The changes in the Ga:Al ratio in minerals crystallized during 
the various stages of differentiation are shown in Table 40.2, based 
on values reported by Goldschmidt and Peters (1931a). It is evident 
that even small differences in ionic radii make possible the enrich- 
ment of the larger component in late crystallates and in mother- 
liquors. The values in Table 40.2 show, in addition, that the Ga:A! 
ratio varies from about 1:10 to about 1:100,000, or by more than 
10 4 . In the pair hafnium -zirconium, the Hf:Zr ratio never varies 
more than by 5 -10 2 (see chap. 21), and consequently the camouflage 
in this pair is much more complete than in the pair gallium -alumi- 
num. The ionic radii of the elements in question and the basicity of 
their hydroxides make this result obvious. 


TABLE 40.2 

Changes in Gallium Content and in the Ga:Al Ratio 
during Magmatic Differentiation 


Material 

Ga 

(g/ton) 

Ga A1 

Rytowmte, Sogndal, Norway ... 

3 7 

1-120,000 

Nepheline, Langesundsfjord, Norway .... 

74 

1 6,000 

Diaspore, Langesundsfjord, Norway 

Opalized wood, Yellowstone National Park, Wyo- 

1,480 

1-800 

ming, U.S.A. . 

740 

1.13 


The aluminum minerals of pegmatites, in particular, e.g., mus- 
covite, lepidolite, and tourmaline, are considerably enriched in gal- 
lium. Goldschmidt and Peters (1931a) found in excess of 70 g/ton 
Ga in a muscovite. 

With reference to the hydrogen-ion concentration, the precipita- 
tion intervals of Ga(OH ) 3 and Al(OH ) 3 differ distinctly, even though 
not pronouncedly, from each other. Because gallium hydroxide is 
somewhat less basic than aluminum hydroxide, gallium becomes 
strongly enriched in hot alkaline aqueous solutions with respect to 
aluminum. It is consequently often found in notable concentrations 
in sediments deposited from thermal waters, e.g., in siliceous sinters 
(see Table 40.2), whereas its content in low-temperature hydrother- 
mal chalcedony and opal is negligible. The gallium content of zeo- 
lites shows that when the late hydrothermal stage in crystallization 
has been reached, only minute amounts of gallium will be deposited 
in the zeolites of the normal calc-alkalic rocks, whereas the zeolites 
in the alkalic rocks rich in aluminum may run high in gallium (cf. 
diaspore in Table 40.2). 
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The manner of occurrence of indium in igneous rocks is notably 
different from that of gallium. Indium has a fair tendency to combine 
with sulfur, and therefore it is less completely bound within silicate 
structures. The radius of the Xn 3+ ion is 0.92 kX, or considerably 
greater than that of Ga 3+ ; and this fact evidently explains the cap- 
turing of the In 3+ ions by Fe 2+ , with a radius of 0.83 kX, and by 
Mn 2+ (radius 0.91 kX). This type of replacement is some limes met 
in minerals. Such is the case in the common enrichment of indium 
in pyroxeniferous basic rocks, which was established by Goldschmidt 
and Hermann (Goldschmidt, 19376). No indium is usually present in 
dunites and gabbros (Borovick, Prokopenko, and Pokrovskaya, 
1939), although it may sometimes occur in traces in the early-sepa- 
rated sulfides (pyrrhotite) . According to Prokopenko (1941), indium 
is concentrated mainly in sulfides associated with granites, granodio- 
rites, and monzonites. Although some indium is confined to inter- 
mediate, acidic, and alkalic rocks, most of it remains in the residual 
melt throughout the main stage of magmatic crystallization and 
sometimes is subsequently notably enriched in the dark constituents 
of pegmatites, such as columbite, (Fe,Mn)(Cb,Ta)o0 6 . The presence 
of indium in cassiterite was noticed years ago by Hartley and Rain- 
age (1897), who also detected its constant occurrence in siderite. 
Ottemann (1941) reported the presence of indium in tin-rich silicate 
minerals connected with pneumatolytic processes producing cassit- 
erite, e.g., in biotite and tourmaline. In cassiterite, on the other hand, 
the content of indium is low (Erametsa, 1938). Goldschmidt (19376) 
found about 0.5 g/ton In in muscovite, and Romeyn (1933) reported 
1. 0-2.8 per cent In in a pegmatite from Utah, in the United States; 
his observation has not been confirmed. 

In its manner of occurrence in igneous rocks thallium differs very 
sharply from the other twx> metals in question. In spite of its rather 
strong affinity for sulfur and selenium, thallium is also a definite con- 
stituent of many silicate minerals. These minerals contain thallium 
in the form of Tl + ions with a radius of 1.49 kX, or equal to that of 
Rb + . The Tl + ion is therefore able to replace K + in potash feldspars; 
in the plagioclase feldspars, according to Ottemann (1941), TP~ 
(radius 1.05 kX) may be captured by Ca 2+ (radius 1.06 kX) ; the con- 
tent in plagioclase may be as high as 10 g/ton. The artificial soluble 
inorganic thallous compounds and the corresponding rubidium com- 
pounds are usually isomorphic, and the soluble compounds of uni- 
valent thallium resemble those of the alkali metals chemically in 
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many respects. In igneous rocks univalent thallium often accom- 
panies rubidium and is concentrated with it. In potassium minerals 
like leucite, the potash feldspars of the pegmatites, and muscovite the 
thallium content along with that of rubidium may sometimes be very 
considerable. Goldschmidt and Hermann (Goldschmidt, 19376) 
found up to 20 g/ton T1 in leucite and nearly 100 g/ton in amazonite. 
Ahrens (1947a) reported a notable enrichment of thallium in pollu- 
cite. He found (Ahrens, 1945) in lepidolites and muscovites from 
granites and granite pegmatites a maximum of 221 g/ton and 58 
g/ton Tl, respectively. Furthermore, Ahrens (1948a) emphasized the 
close association of thallium and rubidium in minerals formed during 
the latest stages of magmatic crystallization, because he was unable 
to detect any changes in the Rb : Tl ratio during these stages. 

In the minerals of pneumatolytic tin-bearing rocks, thallium is en- 
riched still more strongly than is indium. Ottemann (1941) found up 
to 100 g/ton Tl in biotites from pneumatolytic rocks from the Harz 
Mountains in Germany. Thallium was present also in plagioclase 
(see above), tourmaline, diallage, and quartz. 

It must be mentioned, with reference to the occurrence of thalli- 
um in feldspars, that the alkali metals and thallium, according to 
Schiebold (1931), are the only univalent metals capable of forming a 
feldspar structure (see chap. 5). 

The most typical feature of the geochemistry of univalent thallium 
in igneous rocks is its strong concentration in pegmatites. Also in this 
respect it closely resembles rubidium. The two metals are typical of 
the late crystallates. 

With the exception of gallium, abundance determinations of the 
three metals in igneous rocks are too few. The most reliable values, 
obtained from a number of sources, are presented in Table 40.3. The 
values reported confirm the geochemical behavior of the three metals 
as discussed above. 

In accordance with their strong affinity for sulfur, all three metals 
are found in sulfide minerals and other comparable minerals. Usually 
they are not notably concentrated in the early-separated sulfides but 
are found, together with a host of other chalcophile elements, in 
products of pneumatolytic and hydrothermal activity. The sphalerite 
structure, in particular, is an important habitat of both gallium and 
indium. According to Oftedal (1940), only sphalerite among the com- 
mon sulfide minerals is gallium-bearing. No independent gallium and 
indium minerals are known. The two metals are recovered as by- 
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products of the metallurgical treatment of sphalerite ores. According 
to Goldschmidt and Peters (1931a), gallium is concealed in sphalerite 
as the arsenide, GaAs, because the crystal structure and structural 
dimensions of the two compounds are nearly equal. However, Graton 
and Harcourt (1935) emphasized the fact that evidence concerning 
the arsenic content of galliferous sphalerites is still insufficient to 

TABLE 40.3 

Abundance of Gallium, Indium, and Thallium in Igneous Rocks 


Material (g/ton) 

Dunites (Goldschmidt and Peters, 1931a) ... <3 .7 

Eclogites (Goldschmidt, 1937c) . . 7 4 

Gabbros (Goldschmidt, 1937c) 7 4 

Granites (Goldschmidt, 1937c) . 14 8 

Nepheline syenites (Goldschmidt, 1937c) 14 .8 

Greisen (Goldschmidt, Hauptmann, and Peters, 1933) . . 74 

Pegmatite minerals (Goldschmidt, 1937c) up to 74 

Intermediary igneous rocks, average (Sandell, 1947) .... 14 5 

Basic igneous rocks, average (Sandell, 1947) 12 75 

Gabbros and dolerites of southern Lapland, average (Ba- 
hama, 19456) 22 

Granites of southern Lapland, average (Sahama, 19455) . 74 

Syenites of southern Lapland, average (Sahama, 19456) . 74 

In 

Material (g/ton) 

Pyroxeniferous basic igneous rocks, average (Gold- 
schmidt and Hormann in Goldschmidt, 19376) 0 .5-1 

German gabbros, average (Preuss, 1941) 03 

German granites, average (Preuss, 1941) 2 

TI 

Material (g/ton) 

German gabbros, average (Preuss, 1941) 0 3 

Granites and liparites (Goldschmidt and Hormann in 

Goldschmidt, 19376) 0 5-1 

German granites, average (Preuss, 1941) 3 

Granites of the Harz Mountains, Germany (Ottemann, 

1941) 1.5 


show the validity of this suggestion. Einecke (1937) found the pres- 
ence of gallium phosphide, GaP, in sphalerite possible because of 
structural reasons. He considered, in addition, the possibility of the 
replacement of Zn 2+ by Ga 2+ in the sphalerite structure as another 
explanation of the gallium content of sphalerite. 

Indium, according to Erametsa (1938), is captured in the sphaler- 
ite structure as In 3+ ions (radius 0.92 kX), which are rather similar 
to Zn 2+ ions (radius 0.83 kX) in their dimensions. Erametsa showed 
that sphalerite is a very sensitive indicator of indium and often col- 
lects all available indium during its crystallization. According to 
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Erametsa the content of indium in sphalerite shows pronounced re- 
gi* aial variations. This is due to the fact that, contrary to the opinion 
expressed by Vernadsky (192-4), indium is not an omnipresent ele- 
ment but is concentrated, more or less, in certain geological forma- 
tions in which it is encountered in sphalerite ores. According to 
Erametsa, the sphalerites of Pitkaranta and some other localities in 
eastern Fennoscandia contain considerable amounts of indium (up 
to 1 per cent), whereas the content in some other sphalerites is low. 
In the indium -rich areas (indium provinces) silicate minerals, e.g., 
amphiboles. may also be indium-bearing. With reference to the oc- 
currence of gallium and indium in sphalerite, it must be noticed, in 
addition, that indium is often most abundant in sphalerites crystal- 
lized at intermediate temperatures, whereas the content of gallium is 
at its highest in the low- temperature minerals, although this rule 
may not be generally valid (Oftedal, 1940). Sphalerite is the most im- 
portant ore mineral of indium, but many other sulfides also contain 
notable quantities of this metal, e.g., chalcopvrite (Hartley and 
Ramage. ISO? ; Erametsa, 1938) and many pneumatolytic tin and 
tungsten minerals of granitic rocks (Hartley and Ramage, 1897). 
Goldschmidt and Hermann (Goldschmidt, 19376) found 0.5-10 
g ton In in stannite, cassiterite, wolframite, and triplite. In these 
minerals In c ~ replaces partly Fe 2 ~ and partly Sn 4 * (radius 0.74 kX). 
Among the sulfide minerals the highest content of gallium is found 
in germanite, Cu s (Fe,Ge)S 4 , which has a maximum of 1.85 per 
cent Ga. 

The manner of occurrence of thallium in sulfide minerals differs 
notably from that of the other two metals discussed. In silicate min- 
erals. lead partially adopts the manner of occurrence of thallium and 
rubidium* e.g., in potash feldspars. A similar geochemical alliance 
between lead and thallium characterizes their occurrence in sulfide 
minerals. Among the three metals discussed in this chapter, only 
thallium forms independent minerals. It seems that thallium, of the 
three metals, becomes most prominently enriched in certain rocks. 
This property of thallium is displayed already by the way it occurs 
in igneous rocks, in which it is concentrated into pegmatites. The in- 
dependent thallium minerals are lorandite, T1 2 S • As 2 S 3 (about 60 per 
cent Tl) ; crookesite, Cui 5 Tl 2 AgSe 9 ; vrbaite, Tl 2 S-£As 2 S 3 -Sb 2 S 3 ; and 
hutehinsonite, PhS • (Ag,Tl) 2 S *£As 2 S 3 , which, however, are very rare. 
The most important hosts of thallium among sulfide minerals are 
galena, in which it replaces lead, and various sulfosalts, particularly 
726 



GALLIUM, INDIUM, THALLIUM 

those containing lead, such as *artoritc, Pb S-As-Sy. dnfrenoydte, 
5PbS-As 2 S 3 ; and jordanite, 4PbS-As 2 S> Thallium i> recovered as a 
by-product of metallurgical processes using ore* containing these 
minerals. Oftedal T94Q; found thallium only in galena; the other 
common sulfide minerals were devoid of this metal. The often report- 
ed occurrence of thallium in pyrite is probably erroneous Gold- 
schmidt, according to Oftedal. 1940). 

GEOCHEMICAL CYCLES 

During weathering, gallium follows aluminum rather closely and 
is deposited from the resulting solution into the hydroiyzates, to- 
gether with its host metal. It is therefore an element typical of the 
hydroiyzates. Bauxites are especially rich in gallium. Small amounts 
of gallium may also be present in the oxidates, owing to the replace- 
ment of Fe 3 ~ by Ga 3 ~ referred to above. Such is the explanation of 
the gallium content of the red clay. The marine carbonate sediments 
are low in gallium. According to Goldschmidt and Peters ■■ 1931a), the 
Ga:Fe ratio in sedimentary iron ores is of the order of 1:100,000 or 
1 : 500,000, whereas the average Ga :A1 ratio in argillaceous sediments 
is about 1:30,000. These values show that gallium does not accom- 
pany iron during the exogenic cycle but follows alimiinimi at close 
quarters. The difference in the normal potentials of gallium and 
aluminum does not suffice to separate the two metals from each other 
in the exogenic cycle without the action of sulfides and arsenides. 

Papists, and Stilson (1930) found no gallium in the oxidation prod- 
ucts of sphalerite, e.g., in smithsonite, whereas cadmium is known to 
be present therein. Gallium is therefore removed in solution during 
the weathering of sphalerite. There is, consequently, a pronounced 
difference between the cycles of gallium and cadmium, which are 
common minor constituents of sphalerite. 

Indium is deposited in the oxidates, in which it once more replaces 
Fe 2 "~ and Yin 2 '". It is also present in sedimentary siderites and in iron 
sulfides of sedimentary origin. Likewise, indium is concentrated in 
marine phosphates (Goldschmidt, 1937a). Borovick, Prokopenko, and 
Pokrovskaya (1939) found indium in clays only in individual cases, 
the maximum content being 10 g 'ton In. They were unable to find 
indium in marine muds. Indium borate, InBOs, is isomorphic with 
calcite, CaC0 3 (Goldschmidt and Hauptmann, 1935), and may con- 
sequently be present in marine carbonates. 

The cycle of thallium is known very inadequately. Owing to the 
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low solubility of thallous chloride, TIG, it is probable that thallium 
is largely precipitated already in hydrolyzate sediments. Some thal- 
lium is present in sea water, being finally deposited in marine evapo- 
rates. Thallium has been found in svlvite and carnallite. Many min- 
eral waters contain thallium (as well as gallium), which is apparently 
of juvenile origin. 

The content of gallium, indium, and thallium in some sediments 
and sedimentary rocks is recorded in Table 40.4. The number of 
analyses is still far from satisfactory. 

TABLE 40.4 

Context of Gallium, Indium, and Thallium in 


Sediments and Sedimentary Rocks 

Ga 

Material (g/ton) 

Sandstones, average (Goldschmidt and Peters, 1931a) 7 4 

Kaolin, average (Goldschmidt and Peters, 1931a) ... . 74 

Bauxite, average (Goldschmidt and Peters, 1931a) ... 22.2 

Russian clays, composite sample (Borovick, Proko- 
penko, and Pokrovskaya, 1939) 50 

Sedimentary iron and manganese ores (Goldschmidt 

and Peters, 1931a) usually 3.7 

or below 

Mesozoic limestones, average (Goldschmidt and Peters, 

1931a) 3.7 or below 

In 

Materia] (g/ton) 

German sandstones, average (Preuss, 1941) 0.3 

German shales, average (Preuss, 1941) 0.5 

Tl 

Material (g/ton) 

German sandstones, average (Preuss, 1941) 2 

German shales, average (Preuss, 1941) 2 


BIOGEOCHEMISTRY 

Probably, gallium is an element essential to the fungus Aspergillus 
niger , and it may have importance also for higher plants. Mitchell 
(1944) reports 5-300 g ton Ga in soil. Gallium is enriched in coal 
ashes (Goldschmidt and Peters, 1933c). Haberlandt (1944) found 
gallium as a major constituent in a porphyrin complex isolated from 
a hydrothermal calcite, and he suggests that gallium was probably 
taken up by organic substances from gallium-bearing thermal waters. 
Gallium is also reported as a constituent of marine organisms. 

No information is available on the occurrence of indium in or- 
ganisms. Nothing is known about its concentration in coal ashes. 

Thallium is present in plants as a rather common constituent, but 
information concerning its concentration in coal ashes is still lacking. 
It is concentrated by certain marine animals. 
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GERMANIUM, TIN, LEAD 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

G ERMANIUM and lead have been quantitatively determined 
in the solar atmosphere, and tin is probably also present there- 
in. The abundance of the three metals has been determined by Gold- 
schmidt and Peters (1933a, germanium; 1933o, tin), Goldschmidt 
(19376, tin, lead), Noddack and Noddack (1930, 1931a, lead), and 
Hevesy (1932, lead). The most reliable values are given in Table 
41.1. As the average for igneous rocks of Dutch East Indies van 
Tongeren (1938) obtained 23 g/ ton Pb. 


TABLE 41.1 

Abundance of Germanium, Tin, and Lead in 
Meteorites and in Igneous Rocks 


Mater lal 

j 

! * i 

i 

Sn 

Pb 

g/ton 

Nickel-iron . . . 

500 

100 

56 

Troilite. . 

! 30 

15 

20 

Silicate meteorites . . . 

1 o 

5 

2 

Igneous rocks . .... 

| 4 

i 

40 

i 

16 


The values recorded in Table 41.1 show that germanium and tin 
are very pronouncedly siderophile, and it is evident that they are 
concentrated in the nickel-iron core of the Earth. The troilite values 
show that germanium is also chalcophile; but in highly reducing sur- 
roundings and at elevated temperatures, as in the parent-planet of 
the meteorites, its siderophile properties predominate. Lead seems to 
be chiefly siderophile, but its relative content in troilites is somewhat 
higher than that of the other two metals, and hence it should also be 
chalcophile. Because the abundance values given for lead are not 
final, it might be possible that the lead content of troilite is somewhat 
higher than indicated. In the lithosphere lead shows a rather pro- 
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nounced affinity for sulfur and also for oxygen; in igneous rocks tin 
predominates over the other two metals discussed in this chapter. 

OCCURRENCE IN THE UPPER LITHOSPHERE; ORES 

The manner of occurrence of germanium in the upper lithosphere 
greatly resembles that of gallium. The two metals are present both 
in sulfide and in silicate minerals. Germanium was previously con- 
sidered an extremely rare element, and Vernadsky (1924) classified 
it among the typically dispersed elements. However, Papists. (1929) 
showed that it is commonly met in a number of silicate minerals, es- 
pecially in topaz, although usually only in small quantities. Gallium 
is camouflaged in silicates in the place of aluminum, and, according 
to Goldschmidt (19316), in a similar way germanium diadochically 
replaces silicon and forms [Ge0 4 ] tetraliedra. The ionic radii of the 
two elements are alike = 0.44 kX; rsi4- = 0.39 kX), and the 

germ ana tes are usually isomorphic with the corresponding silicates. 
The structural relationships between GeCk quartz, and rutile explain 
the presence of germanium in such titanium and tin minerals as il- 
menite and cassiterite. Wickman (1943) stated that, on the whole, 
Gg 4 ~ preferably substitutes Si 4_f in the least-linked silicate tetra- 
liedra. Therefore, topaz and garnet contain more germanium (up to 
0.1 per cent Ge in topaz and spessartite, according to Oftedal, 1939a) 
than quartz, and hvpersthene more than plagioclase. The E-values 
of silicon and germanium are so large that these elements always par- 
ticipate in mineral formation, but the binding energy of germanium 
is smaller than that of silicon (see chap. 5). The replacement of Si 4+ 
by Ge J ~ is the most conspicuous feature of the geochemistry of ger- 
manium, and most of germanium in the upper lithosphere is camou- 
flaged in quartz and silicates: it is an oxyphile element (see chap. 5). 

The content of germanium in igneous rocks is presented in Table 
41.2. The values show that during magmatic differentiation germani- 
um, in analogy with gallium, is somewhat concentrated in the later 
crvstallates. The granites are high in germanium, whereas the con- 
tent is a little lower in nepheline syenites. This rule is valid also for 
the pegmatites connected with these rocks. Only very little germani- 
um is found in the early magmatic oxides, in which it follows titani- 
um. Rocks and minerals connected with pneumatolytic processes are 
the highest in germanium, and it is strongly concentrated in greisen 
and its minerals. The residual solutions may deliver germanium di- 
rectly to the exogenic cycle. 
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Furthermore, germanium is enriched in the siliceous sinters de- 
posited from thermal waters and in the deposits of hot springs rich 
in iron and manganese. On the other hand, it is absent in silica and 
quartz formed at low temperatures but may be present in hydrother- 
mal silicates. 

With reference to their manner of occurrence, tin and lead in igne- 
ous rocks differ completely from germanium and also from each 
other. Tin and lead are both bivalent and quadrivalent. Tin does not 
seem to be able to crystallize from artificial SnO-Si0 2 and Sn0 2 -Si0 2 

TABLE 41.2 

Average Content of Germanium in Igneous Rocks 

Rock Ge 

«j, lO n * 

Basic plagioclase rocks (Goldschmidt and Peters, 1933a) 2.1 

Gabbros (Preuss, 1941) 2 

Granites (Goldschmidt and Peters, 1933a) 3 5 

Granites (Preuss. 1941) 3 

Nepheline syenites (Goldschmidt and Peters, 1933a; . . 2.1 

Greisen (Goldschmidt and Peters, 1933a) 35 

melts as simple silicates, whereas lead is known to form the following 
compounds : 

PbO-Si0 2 

2Pb0*Si0 2 

SPbOSiOa 

3Pb0*2Si0 2 (metastable) 

The last-mentioned compound occurs as the rare barysilite, 
PbstSioOj], which is structurally analogous to thortveitite and con- 
tains independent [Si 2 0 7 ] groups. Lead show's a tendency to form nu- 
merous sulfides, selenides, sulfosalts, phosphates, arsenates, and sili- 
cates, many of which are chemically rather complicated. Native lead, 
Pb, is a mineralogical curiosity. According to Goldschmidt (19376), 
a very considerable part of lead in igneous rocks occurs as galena. 
However, the calculations presented in chapter 5 show that in the up- 
per lithosphere lead is an oxyphile element. With the exception of 
galena, the other lead minerals are usually without much geochemical 
moment. Compared with lead minerals, the independent tin minerals 
are less numerous. A number of oxide minerals of lead are known: the 
monoxide, PbO, occurs as massicot and litharge; the dioxide, Pb0 2 , 
is found as plattnerite; and the oxide, Pb 3 0 4 , minium, is known as an 
alteration product of galena and cerussite. All these minerals are rare. 
Tin monoxide, SnO, is not known as mineral, whereas the dioxide, 
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Sn0 2 , as cassiterite, is the most common of all tin minerals. It is evi- 
dent that there is a certain analogy between the two metals and tita- 
nium and zirconium, which occupy adjacent positions in the Periodic 
Table. Titanium has a lower atomic number than zirconium, and 
its dioxide, Ti0 2 , is rather common as a mineral, notably as rutile. 
Baddeleyite, Zr0 2 , the corresponding oxide of zirconium, the element 
with the higher atomic number, is rare. 

In the upper lithosphere tin is oxyphile. It is rather strongly en- 
riched in the late crystallates during magmatic differentiation. The 
tin content of igneous rocks is presented in Table 41.3. The values 
show that tin is typically met in granites. The highest content is 
found in pneumatolytic rocks, e.g., greisen. 

TABLE 41.3 

Content of Tin in Igneous Rocks 

Rock 

Dunite (Goldschmidt and Peters, 1933 6) 

Plateau basalt (Goldschmidt and Peters, 19336) . 

Gabbro, average (Goldschmidt and Peters, 19336) 

Granite, average (Goldschmidt and Peters, 19336) 

Granite, average (Ottemann, 1941) 

Nepheline syenite, average (Goldschmidt and 

Peters, 19336) 

Greisen, average (Goldschmidt and Peters, 19336) 


Sn 

(g/ton) 

0 

4 

8 

80 

56 

8-40 

800-8,000 


111 silicate rocks tin is found as cassiterite and replacing a number 
of elements in silicate structures. The Sn 4+ ion may replace Fe 2+ , and 
Sn 2+ substitute for Ca 2+ . In some pegmatite minerals, Sn 4+ may re- 
place Sc 3 ^ and Ti 4+ . This explains the presence of tin in titanium min- 
erals, for example, in sphene, which, according to Ramdohr (1936), 
may contain around 10 per cent tin, in columbates, in tantalates, and 
in thortveitite. In addition, quadripositive tin may replace quinque- 
positive columbium and tantalum and quadripositive tungsten, e.g., 
in wolframite, which may contain 1 per cent Sn (Ottemann, 1941). 
Ottemann has also found up to 300 g/ton Sn in biotites of pneuma- 
tolytic rocks. Other minerals of pneumatolytic parageneses may also 
carry tin, for instance, tourmaline, plagioclase (both up to 50 g/ton 
Sn), and fluorite. The general rule is that the content of tin in miner- 
als increases parallel to their fluorine content; this should be due to 
the introduction of tin as the volatile tetrafluoride, SnF 4 . According 
to Ottemann, tin is able to enter silicate structures only to a limited 
degree, the excess being separated out as cassiterite. 
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The manner of occurrence of lead in igneous rocks is determined 
by a diadochic replacement similar to that valid for strontium. Lead 
is present in silicate and phosphate minerals as Pb 2+ ions, with a 
radius of 1.32 kX. Like Sr 2+ (radius 1.27 kX), lead partially replaces 
Ca 2+ (radius 1.06 kX) diadochically and is found particularly in such 
calcium minerals as apatite (up to 50 g/ton Pb; Goldschmidt, 1937 b) 
and the monoclinic pyroxenes, which have crystallized at a relatively 
high temperature. However, Pb 2+ may also replace Ca 2+ in minerals 
formed at lower temperatures. Aragonite may contain up to 18 per 
cent PbC0 3 (tarnowitzite) . Ottemann (1941) reports 100 g/ton Pb 
in epidote, up to 77 g/ton in biotite, and 50 g/ton in fluorite. Lead is 
also present in potassium minerals, particularly in potash feldspars, 

TABLE 41.4 

Lead content of Igneous Rocks 

Rock (g/ton) 

Gabbros and related rocks, average (Hevesy, Hobble, 


and Holmes, 1931) 5 

Basic igneous rocks, average (Sandell and Goldich, 

1943) 9 

Granitic rocks, average (Hevesy, Hobbie, and Holmes, 

1931) " 30 

Granites of southern Lapland, average (Sahama, 19456) 9-27 
Acidic igneous rocks, average (Sandell and Goldich, 

1943) 19 


in which it diadochically replaces potassium (K + , radius, 1.33 kX), 
being captured in its place in the structure, like thallium. Therefore, 
the potash feldspars, e.g., in pegmatites, are often plumb if erous. 
Schiebold (1931) proved that lead is able to form a feldspar structure; 
a stable artificial lead feldspar has actually been prepared (chap. 5). 

The content of lead in igneous rocks is presented in Table 41.4. The 
values show that lead, like tin, is rather strongly enriched in acidic 
igneous rocks. 

The three metals discussed in this chapter are strangers among the 
early magmatic sulfides, being enriched particularly in pneumatolyt- 
ic and hydrothermal formations. At low temperatures their affinity 
for sulfur is clear enough, whereas in minerals formed at intermediate 
and high temperatures they occur almost exclusively as oxygen-bear- 
ing compounds. Under pneumatolytic and hydrothermal conditions 
germanium is a common constituent of sphalerite and other sulfides 
and sulfosalts, which contain it usually in the company of tin. It is 
enriched in minerals formed at low temperatures. In arsenides, sulf- 
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arsenides, and antimonides the content of germanium is negligible. 
Germanium forms the rare minerals argyrodite, 4AgoS -GeS 2 (with 
5-7 per cent Ge); germanite, Cu 3 (Fe,Ge)S 4 (up to 10 per cent Ge); 
and ultrabasite, 28 (Pb,Fe) S • 1 1 (Ag, Cu^S • 3GeS2 • Sb 2 S 3 . In the sulfo- 
salts germanium usually forms a negatively charged complex GeS n . 

Along with cassiterite the following sulfosalts of tin are of some 
importance, all of which are found as constituents of tin ores: 

Stannite, CuoFeSnS4 

Kylindrite, 6PbS-6SnS 2 -Sb 2 S 3 (?) 

Teallite, PbSnS 2 

Other sulfide minerals containing tin are sphalerite, galena, and chal- 
copyrite. Pyrite and pyrrhotite are free of tin (Oftedal, 1939a). Gold- 
schmidt (according to Oftedal, 1939a) explained this manner of oc- 
currence by the structural relationships between stannite and the 
three first-mentioned sulfides. Tin is also met as a constituent of cer- 
tain rare borates and silicates. However, the economically most im- 
portant mineral of tin is cassiterite. 

The most important lead minerals include the following species: 

Galena, PbS 

Cerussite, PbC0 3 

Anglesite, Pb[S0 4 ] 

Pyromorphite, Pb 6 [Cl | (P0 4 ) 3 ] 

These minerals and the various sulfosalts of lead are the most notable 
constituents of lead deposits, galena with 86.5 per cent Pb being the 
most prominent of all. In addition, it is the most important silver 
mineral (up to 2 per cent Ag). Cerussite, anglesite, pyromorphite, 
and many other sulfate, carbonate, and chloride minerals of lead are 
usually found as alteration products of galena in the superficial parts 
of lead-ore bodies. The chromate crocoite, Pb[Cr0 4 ], and the molyb- 
date wulfenite, Pb[Mo0 4 ], are also of secondary origin. The occur- 
rence of lead in certain radioactive minerals as the stable product of 
disintegration deserves special mention. 

Contrary to galena, the corresponding tin monosulfide SnS, 
herzenbergite, is very rare and consequently without geochemical 
importance. 

Many lead and tin ores are genetically connected with granitic 
rocks. 

GEOCHEMICAL CYCLE 

Germanium is readily extracted from minerals during weathering 
and transported as soluble salts which are stable in aqueous solution. 
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Consequently, only a little remains in the resist ates. Germanium is 
precipitated and often enriched in hydrolyzate and oxidate sedi- 
ments. The germanium content of sea water is very low. The content 
of germanium in iron ores of sedimentary origin is often somewhat 
higher than the content in hydrolyzates, whereas the sedimentary 
manganese ores are devoid of germanium. The germanium content 
of sedimentary rocks is presented in Table 41.5. 

More tin than germanium and lead remains in the resistates be- 
cause detrital cassiterite, the most common of tin minerals, is highly 
resistant to weathering. Cassiterite is sometimes concentrated in 
large alluvial and eluvial deposits which are of high economic impor- 
tance (Dutch East Indies). The part of tin originally bound within 
sulfides and silicates is also promptly precipitated after the decompo- 


TABLE 41.5 


Content of Germanium in Sedimentary Rocks 

Rock 

Sandstones, average (Preuss, 1941) 

Shales, average (Goldschmidt and Peters, 1933a) 

Shales, average (Preuss, 1941) 

Oolitic iron ores (Palmqvist, 1935) 

Sedimentarv iron ores, average (Goldschmidt and Peters, 

1933a) 

Sedimentarv manganese ores (Goldschmidt and Peters, 
1933a) 


Ge 

(g/ton) 

3 

5 .6 
7 

3.5 

7 

0 


sition of the minerals in question. Comparatively little is known of 
the content of tin in sedimentary rocks. It becomes enriched in alu- 
minum-rich hydrolyzates; Goldschmidt and Peters (19336) report an 
average of 72 g/ton Sn in bauxites and 40 g/ton in shales. Owing to 
the low solubility of tin during weathering, its content in sedimentary 
iron ores is low, 8 g/ton Sn being reported by Goldschmidt and 
Peters. 

Lead, like germanium, is rather readily extracted from its minerals 
during weathering and transported in the form of soluble stable com- 
pounds. The oxidation of galena into lead sulfate, 

PbS + 20 2 -> PbS0 4 , 


is rather slow. The process is facilitated by the presence of pyrite, 
which yields ferric sulfate, thus acting as an oxidizing agent (Schnei- 
derhohn, 1928). The sulfate of lead is only moderately soluble and 
therefore does not migrate much. Lead carbonate is formed from 
lead minerals in the presence of carbon dioxide and bicarbonates; the 
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carbonate is still less soluble than the sulfate. It is formed from 
anglesite by the action of carbon dioxide or soluble bicarbonates and 
therefore represents the most stable lead compound in the oxidation 
zone. Phosphates, arsenates, vanadates, and chlorides of lead may 
also be formed in the oxidation zone. In the zone of reduction, lead is 
never reprecipitated as sulfide, whereas the silver contained in galena 
is strongly enriched in these surroundings. Lead bicarbonate is many 
times more soluble than the normal carbonate, and consequently 
lead may be transported as bicarbonate. Relatively much lead is 
present in sea water. It is precipitated, as sulfide, in sediments rich 
in organic remains and becomes adsorbed and enriched in hydroly- 
zates and oxidates. The average content of lead in resistates and hy- 
drolyzates is 20 g/ton Pb, and in limestones, 5-10 g/ton (Gold- 
schmidt, 19375). Siebenthal (1915) reported up to 32.6 g/ton Pb in 
American limestones and dolomites, and Forchhammer (according to 
Boury, 1938) found as much as 20 g/ton Pb in some corals. Boury 
reported 1.1 g/ton Pb in marine evaporates. According to Wickman 
(1948), it is probable that the lead content of limestones and anhy- 
drites is up to 10 g/ton and 1 g/ton, respectively, because the simi- 
larity of the radii of Sr 2+ and Pb 2+ means that the lead and strontium 
contents of sea water and of precipitates and evaporates are propor- 
tional. 

The values discussed above show that the greatest part of the three 
elements is removed from sea water or never reaches the oceans. This 
fact is particularly important in the case of lead, because of its strong 
toxic properties. 

BIOGEOCHEMISTRY 

Germanium has been found in the ashes of some seaweeds, certain 
land plants, and some animal tissues. Its physiological role, if any, is 
unknown, but it is claimed that germanium, particularly when as- 
sociated with other elements having the same property, stimulates 
the formation of red blood cells. Germanium is enriched in coal 
ashes, its maximum concentration being 1.6 per cent Ge0 2 (Gold- 
schmidt, 19306; Goldschmidt and Peters, 1933c). It is precipitated 
as bivalent compounds because of the reducing action of coal, and the 
enrichment is increased still more, owing to the adsorptive properties 
of the carbonaceous sediments. 

Tin is reported in the ashes of some marine animals, e.g., oysters. 
Small amounts of tin are found in plants and in most tissues of higher 
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animals. Some bacteria are believed to be able to separate tin from 
thermal waters. It is sometimes notably enriched in coal ashes. 

Lead is present in the ashes of many land and sea plants and is 
enriched in coal ashes. It is also found in many marine animals, es- 
pecially corals, Crustacea, and mollusks, and as an erratic microcon- 
stituent of higher animals. However, it probably has only a toxico- 
logical function. 

The maximum content of germanium, tin, and lead in soil, accord- 
ing to Mitchell (1944), is 10, 200, and 1,000 g/ton, respectively. 

LEAD ISOTOPES 

The three radioactive series derived from uranium, actinouranium, 
and thorium result in the ultimate formation of the three isotopes of 
radiogenic lead: Pb 206 , Pb 207 , and Pb 208 , respectively. There exists, in 
addition, a fourth isotope, Pb 204 , which is not known to be connected 
with radioactive disintegration. It is believed to represent primeval 
lead. The ratios of the lead isotopes show considerable variation. The 
closest approach to primeval lead is the lead obtained from galena 
found at Ivigtut, Greenland, with the ratios Pb 20S /Pb 204 = 34.5, 
Pb 207 /Pb 204 = 14.7, and Pb 206 /Pb 204 = 14.6 (Nier, Thompson, and 
Murphey, 1941). 
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ARSENIC, ANTIMONY, BISMUTH 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

T HE three elements arsenic, antimony, and bismuth are notably 
rare constituents of the upper lithosphere, arsenic being the 
most abundant and bismuth the rarest of them. According to deter- 
minations of Noddack and Noddack (1930, 1934, As, Sb, Bi in me- 
teorites) and of Goldschmidt and Peters (1934, As in igneous rocks; 
Goldschmidt, 19376, Sb and Bi in igneous rocks), the average con- 
tents of these elements in terrestrial and meteoritic material are as 
shown in Table 42.1. 

TABLE 42.1 

Abundance of Arsenic, Antimony, and Bismuth 
in Meteorites and in Igneous Rocks 


Materlal 

As 

Sb 

Bi 

g/ton 

! 

Nickel-iron phase of meteorites ... 

360 

2 0 

0 5 

Troilite phase of meteorites 

1,020 

7 8 

2 

Silicate phase of meteorites . 

20 

0 1 

0 02 

Igneous rocks 

5 

1 

0 2 


Arsenic and bismuth are absent altogether from the solar atmos- 
phere, whereas the content of antimony has been quantitatively de- 
termined. All three elements are considerably enriched in the sulfide 
phase of the meteorites. Their most prominent feature, as far as gen- 
eral geochemistry is concerned, is their chalcophile character. How- 
ever, arsenic is also enriched in meteoritic iron. This fact and the pres- 
ence of 2,300 g/ton As in josephinite and up to 500 g/ton As in other 
telluric irons (Goldschmidt and Peters, 1934) afford proof of the 
siderophile character of arsenic. 

The geochemistry of arsenic is known relatively well, whereas that 
of antimony and bismuth is, so far, known very imperfectly. The 
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abundance values given in Table 42.1 cannot be considered final. 
They are still far from satisfactory, being largely based on insuffi- 
cient material. 

MANNER OF OCCURRENCE IN IGNEOUS ROCRS; ORES 

According to the calculations presented in Table 5.2, arsenic, an- 
timony, and bismuth are oxyphile. No reliable determinations are 
available to show the content of arsenic in the various groups of ig- 
neous rocks. Antimony and bismuth were absent in a composite 
sample of gabbros analyzed by Preuss (1941) ; the average contents 
in granites were 0.3 g/ton Sb and 2 g/ton Bi. With the exception of 
the rare bismuth silicate, eulytite, Bi 4 [Si0 4 ] 3 , no other silicate miner- 
als are known to contain these elements as major constituents. They 
readily combine with sulfur, selenium, and tellurium and form sul- 
fosalts, arsenides, and antimonides with various heavy metals, pref- 
erably copper, iron, nickel, and cobalt. In the native state the three 
elements are found in many mineral veins. Arsenic, in addition, forms 
a number of arsenates which contain the [As0 4 ] anion in a structural 
position analogous to that of the [P0 4 ] group of the phosphates. The 
arsenates are often isomorphic with the phosphates of corresponding 
chemical composition. Such is the case, for example, with mimetite, 
Pbfi[Cl| (As0 4 ) 3 ], which is isomorphic with apatite. The trioxides of 
the three elements occur in Nature as two different modifications: 
AS2O3 as arsenolite and claudetite, Sb 2 0 3 as valentinite and senar- 
montite, and Bi 2 0 3 as bismite and sillenite. Senarmontite is the most 
important of these minerals. A number of arsenites are also known as 
minerals ; antimony occurs as oxides, some of which are included in 
the pvrochlore group; and vanadates, arsenates, tellurates, and 
molybdates of bismuth are found in Nature. In pegmatites, antimony 
and bismuth sometimes accompany columbium and tantalum in oxide 
minerals (see chap. 26). 

Only small amounts of the three elements are found in rocks and 
minerals belonging to the early and main stages of magmatic crys- 
tallization. The early magmatic iron ores are low in arsenic. The 
average minimum content in magmatic sulfides, according to Gold- 
schmidt and Peters (1934), is about 2,000 g/ton As. Therefore, the 
value 60 g/ton As given by Noddack and Noddack (1931a) might be 
too low (see Table 5.2) and the oxyphile character of arsenic in the 
upper lithosphere rather weak. It is probable that notable quantities 
of arsenic are present in pyrite (Ramdohr, 1940), but certainly very 
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much arsenic is found in the phosphate minerals of igneous rocks, 
chiefly in apatite, in which it replaces phosphorus, and in silicates. 
Some bismuth is also present in apatite, but this circumstance might 
be due to the fact that the radius of Bi 3+ (1.20 kX) closely resembles 
that of Ca 2+ (1.06 kX; Goldschmidt, 19376). Only arsenic among the 
elements in question is present in the early-separated magmatic sul- 
fides in quantities worthy of mention, being found therein, for in- 
stance, as sperrylite, PtAs 2 . All three elements, on the other hand, are 
strongly enriched in the late magmatic crystallates. Notable amounts 
of arsenic may already have become separated during the pegmatitic 
stage as arsenopyrite, FeAsS, and loellingite, FeAs 2 . However, not 
until the pneumatolytic and hydrothermal stages are reached is the 
greatest number of the independent minerals of these elements met. 
Arsenopyrite and cobaltite, CoAsS, among many other arseniferous 
minerals, occur in deposits formed at igneous contacts, and the for- 
mer mineral is often plentiful in cassiterite deposits. Minerals de- 
posited by volcanic emanations contain arsenic as a common con- 
stituent. 

Arsenopyrite is the most important mineral of arsenic, whereas the 
corresponding antimony mineral, gudmundite, FeSbS, is very rare 
and of no technical value. The corresponding bismuth compound 
does not occur as a mineral. The economically most important min- 
erals of antimony and bismuth are stibnite, Sb 2 S 3 , and bismuthinite, 
Bi 2 S 3 . The corresponding arsenic sulfide — orpiment, As 2 S 3 — is of 
minor importance as a source of arsenic. Realgar, AsS, is the only 
monosulfide of the three elements found as a mineral. Along with the 
above-mentioned independent minerals, various sulfide ores contain 
varying amounts of the three elements, which are recovered as by- 
products of the metallurgical processes using such ores. Arsenic, an- 
timony, and bismuth are found in galena, but their presence has 
never been established in pure sphalerites (Oftedal, 1940). According 
to Hoehne (1934), a substantial content of arsenic and bismuth in 
galena is always due to admixed impurities, whereas in the case of 
antimony, which is greatly preferred by galena, anomalous mixed 
crystals of antimony minerals, perhaps tetrahedrite, with galena 
might be present, and the content may be as high as 1 per cent Sb. 

The general rule during the separation of the three elements from 
magma is that arsenic begins to separate at the highest temperatures 
after the main stage of crystallization, i.e., during the pegmatitic 
stage. Next comes bismuth, which is separated from relatively hot 
740 



ARSENIC, ANTIMONY, BISMUTH 

hydrothermal solutions. Antimony is the last of the three to crystal- 
lize; it often accompanies mercury, particularly in the metalliferous 
veins of volcanic regions ; but the separation of antimony starts some- 
what earlier than that of mercury. However, arseniferous minerals 
are also important constituents in metalliferous veins. 

GEOCHEMICAL CYCLE 

The cycle of bismuth differs materially from that of arsenic and 
antimony. Bismuth is comparatively readily precipitated as basic 
carbonate which is formed during the hydrolytic decomposition of 
bismuth salts in aqueous solution. Therefore, it becomes enriched in 
the hydrolyzates. Several carbonates of bismuth occur as minerals, 
but, because their crystal structures are largely unknown, their clas- 
sification so far is incomplete. Bismutite, Bi 2 [0(0H) 2 | C0 3 ], is one of 
the important carbonate minerals of bismuth. 

The other two elements possess a tendency to become precipitated 
in the hydrolyzates as well. They are all enriched in oxidate sedi- 
ments, chiefly by adsorption on ferric hydroxide. A part is brought 
down also by the iron sulfide formed by reduction in bituminous 
oozes. According to Goldschmidt and Peters (1934), the average con- 
tent of arsenic in argillaceous sediments is of the same degree of mag- 
nitude as the average in igneous rocks. The analyses made by B. Fr. 
v. Biilow (Goldschmidt and Peters, 1934) show an average of 4 g/ton 
As in the sediments from the bottom of the Atlantic. Goldschmidt 
and Peters found 65-650 g/ton As in Mesozoic and Paleozoic oxidic 
iron ores of sedimentary origin, corresponding to an enrichment of 
about one hundred times the average content in argillaceous sedi- 
ments. The sedimentary siderite ores are materially lower in arsenic, 
but the iron-rich bauxites and the glauconitic marine sediments are 
generally high in this element, which also follows iron in fresh-water 
oxidates, e.g., lake and bog ores. However, the manganese-rich oxi- 
dates are lower in arsenic than are the iron-rich types. 

An arsenic content in excess of 3,000 g/ton was reported by Gold- 
schmidt and Peters (1934) in a sedimentogenic pvrite. 

During metamorphism, most arsenic is removed from the iron-rich 
sediments. 

Small amounts of arsenic escape precipitation in oxidate sediments 
and remain in sea water, but the exact manner of occurrence of ar- 
senic in the sea is still unknown. It has been suggested that arsenic 
is present in sea water chiefly as arsenite. The content of arsenic 
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fluctuates because arsenic is able to replace phosphorus in many 
marine organisms* Therefore, arsenic is present in marine phosphate 
deposits; Goldschmidt and Peters (1934) report between 0.007 and 
0.03 g/ton As in a phosphorite. 

As a matter of fact, the sediments and sedimentary rocks of marine 
origin should contain more arsenic than igneous rocks do, on an aver- 
age, because much arsenic has evidently been introduced directly 
into the exogenic cycle by volcanic activity. 

Information regarding the exogenic cycle of antimony and bismuth 
is far from sufficient. Preuss (1941) reports the following average 
contents : 

Sandstones: 1 g/ton Sb and 0.3 g/ton Bi 
Shales: 3 g/ton Sb and 1 g/ton Bi 

BIOGEOCHEMISTRY 

Arsenic, in small quantities, is a universal contaminant of plants 
and animals and may sometimes be notably concentrated in organ- 
isms, e.g., in land plants growing in soil rich in arsenic and in marine 
and fresh-water organisms, such as fishes, mollusks, crustaceans, 
plankton, and some brown algae. Goldschmidt and Peters (1934) 
found up to 325 g/ton As in the ashes of beech humus (see chap. 8). 
It has been suggested that arsenic is an essential constituent of living 
cells. It is often strongly enriched in coal ashes. Therefore, the dust 
and smoke particles in and around cities and industrial centers are 
arseniferous. Many pyrites found in coal beds are also high in arsenic. 
The arsenic brought into the atmosphere by the burning of coal and 
partly by volcanic activity is finally precipitated in rain water. In 
normal rain water von Fellenberg (1930) found, on an average, 
0.0025 g/ton As. 

Antimony is reported to occur in the ashes of seaweeds and marine 
animals. The degree of its enrichment in these materials is very low. 
Bismuth is present in some marine organisms. The biological role of 
antimony and bismuth, if any, is unknown . 
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SULFUR, SELENIUM, TELLURIUM 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

N EXT to titanium, manganese, and phosphorus, sulfur is the 
most abundant of the trace elements in the uppermost parts of 
the lithosphere. Likewise, Figure 2.2 shows that the cosmic abun- 
dance of sulfur is higher than that of the elements mentioned. Sulfur 
is, in addition, more abundant than the alkali metals, calcium, and 
nickel. Consequently, sulfur is one of the geochemically more impor- 
tant elements. Sulfur, if anything, is geochemically chalcophile, and 


TABLE 43.1 

Abundance of Sulfur, Selenium, and Tellurium 


Source 

S 

Se 

Te 

g/ton 

All meteorites (Goldschmidt, 19376) . 

21,200 

7 

0.1: 

All rocks (Goldschmidt, 19376) . . 

520 

0 09 

0 0018: 


the affinity of other elements for sulfur or their solubility in the iron 
monosulfide melt will determine the strength of their chalcophile 
character. Selenium and tellurium, which belong to the same sub- 
group in the Periodic System as sulfur, are similarly chalcophile, but 
their manner of occurrence distinguishes them from sulfur in many 
respects. The S:Se ratios of the various groups of meteorites show 
that selenium is more strongly siderophile than sulfur is (Gold- 
schmidt and Strock, 1935). 

The geochemistry of sulfur and selenium is known comprehen- 
sively, whereas that of tellurium is still largely unknown. The abun- 
dance of the three elements is presented in Table 43.1. 

The values show that the abundance of selenium and tellurium, 
compared with that of sulfur, is rather low. However, accurate values 
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of the abundance of these elements are not readily obtained because 
the common igneous rocks are notably poor in the three. Clarke and 
Washington (1924) estimated the content of sulfur in igneous rocks 
as 520 g/ton; but this value, even though the best one so far avail- 
able, is not too reliable. Likewise, the abundance values of the other 
two elements must be considered as tentative. The reason is that 
sulfur, selenium, and tellurium are strongly enriched in sulfide-ore 
bodies, the mass of which cannot be accurately determined. 

Sulfur has been quantitatively determined in the Sun’s atmos- 
phere, but selenium and tellurium are absent therein. 

With reference to their terrestrial occurrence, sulfur is also rather 
pronouncedly biophile, and selenium also seems to share this proper- 
ty in certain respects. 

SULFUR IN IGNEOUS ROCKS 

A sulfide melt and a silicate melt are only partially miscible, par- 
ticularly at lower temperatures. Therefore, the sulfides are separated 
from the magma at an early stage of the crystallization, before the 
main stage sets in, and a great number of elements having a high 
affinity for sulfur thus become separated from the magma in the sul- 
fide phase. The main constituent of the separated sulfides is iron sul- 
fide, chiefly pyrrhotite, FeS, which is always deficient in iron (see 
chap. 5). Along with pyrrhotite, the early-separated sulfides contain 
notable quantities of pentlandite and chalcopyrite (see below). The 
general rule is that elements having a higher affinity for sulfur than 
iron has tend to become enriched in these sulfide segregations, where- 
as elements with a lower affinity for sulfur remain temporarily in the 
silicate melt and become more notably concentrated only in late mag- 
matic crystallates. According to Noddack and Noddack (1931a), the 
average sulfur content of primary magmatic sulfides is 40.4 per cent. 

The rocks formed during the main stage of the crystallization con- 
tain but little sulfur. Although some silicate and phosphate minerals, 
such as those belonging to the sodalite-helvite group, the scapolites, 
and the apatites, contain sulfur in the form of sulfide and sulfate 
anions, their geochemical importance usually is not high. The rock- 
making silicates with sulfate anions are met in alkalic rocks and may 
be considered characteristic constituents of such rocks in some cases. 
They are noselite (nosean), Na 8 [S0 4 | (AlSi0 4 ) 6 ], with 8 per cent S0 3 ; 
hauynite, (Na,Ca)*- 4 [(S0 4 ) M | (AlSi0 4 )«], with 12 per cent S0 3 ; and 
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lazurite, (NaXa) 8 [(S0 4 ,S 5 Cl) 2 | (AlSi0 4 ) 6 ], which contains 10.5 per 
cent S0 3 . 

The calculations presented in chapter 5 show that, in igneous 
rocks, sulfur is nearly quantitatively contained in independent sulfide 
minerals. It is the prototype of sulfopkile elements. As was pointed 
out in chapters 29, 36, and 41, copper, molybdenum, and lead, in 
particular, tend to collect all available sulfur during the crystalliza- 
tion to form chalcopyrite, molybdenite, and galena. According to 
Newhouse (1936) and Ramdohr (1940), the most abundant sulfide 
minerals in normal igneous rocks are those shown in Table 43.2. 

Bornite is rarer than the other four minerals. Pyrrhotite, pent- 
landite, and chalcopyrite are abundant in basic rocks, e.g., in gab- 


TABLE 43.2 

The Most Abundant Sulfide Minerals 
of Igneous Rocks 


Mineral 

Composition 

Sulfur 
(Per Cent) 

Pyrite .... 

FeS 2 

53.5 

Pyrrhotite ... 

FeS-FesSc 

35 4-41 S 

Chalcopyrite . . 

CuFeSo 

34 9 

Pentlandite . . . . 

(Fe s Ni) 9 S 8 

32 7-33 4 

Bornite . . 

Cii5FeS4 

25.6 


bros, and also in diorites, whereas pyrite is more often a constituent 
of acidic rocks. The content of sulfur in the most important classes 
of igneous rocks is presented in Table 43.3, which is based on the 
values reported by Troger (1934). The values show that basic rocks 
contain more sulfur than acidic rocks do, How r ever, some granites and 
granite pegmatites may sometimes contain notable amounts of cer- 
tain sulfides. 

When the late magmatic stage of crystallization begins and the 
pegmatites are formed, more sulfur becomes separated than during 
the main stage. However, the extensive enrichment of sulfur does not 
take place until pneumatolytic and hydrothermal stages are reached. 
In rocks crystallized during these stages sulfur is incorporated in a 
great number of minerals, and the profusion of such sulfur-bearing 
species is a feature characteristic of the rocks in question. These 
pneumatolytic and hydrothermal minerals are sulfides and sulfosalts 
of metals with a high affinity for sulfur. The part of copper, nickel, 
and cobalt which is not bound in the early-separated magmatic sul- 
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fides is also present in these minerals. It is believed that colloids play 
an important part in the transportation of sulfides in late magmatic 
solutions, and complex ions, e.g., [CuS 3 ] 4 ~ 5 may also be effective. 

SELENIUM AND TELLURIUM IN IGNEOUS ROCKS 
Selenium and tellurium accompany sulfur in the sulfides separated 
from the magma. According to Noddack and Noddack (1931a), the 
selenium content of primary magmatic sulfides is 200 g/ton and the 
tellurium content 2 g/ton. Like sulfur, selenium and tellurium are 
pronouncedly sulfophile in the upper lithosphere. The average S:Se 
ratio in early magmatic sulfides is 2,000:1-20,000:1 (Goldschmidt 
and Hefter, 1933) , and in pneumatolytic and high-temperature hydro- 

TABLE 43.3 

Content of Sulfur in Igneous Rocks 


Rock 

(tf/ton) 

Peridot it es 

. . 2,500 

Pyroxenites 

3,000 

Anorthosites. . ... 

1,000 

Gabbros 

. 2,000 

Diorites 

. . . 1,000 

Granites 

500 

Alkalic pyroxenites 

2,000 

Theralites, essexites .... 

1,000 

Syenites, monzonites. . 

. . 500 

Nepheline syenites 

. 2,500 


thermal sulfides and arsenides the ratio is 400:1-20,000:1 (Gold- 
schmidt and Strock, 1935). On the other hand, selenium is much less 
abundant in hydrothermal rocks and minerals formed at intermedi- 
ate and low temperatures — the S:Se ratio is 70,000:1-250,000:1 
(Goldschmidt and Strock, 1935). The values of the S:Se ratio show 
that selenium is enriched preferably in hydrothermal sulfides and 
arsenides formed at elevated temperatures. 

The radii of S 2- (1.74 kX) and Se 2_ (1.91 kX) are alike, and there- 
fore selenium replaces sulfur diadochically in sulfide minerals of igne- 
ous origin. The replacement occurs more readily at elevated tempera- 
tures than at low ones. In hydrothermal rocks, in particular, selenium 
forms a number of selenides containing silver, copper, mercury, bis- 
muth, lead, and other elements, and a number of complex sulfosalts; 
but all these minerals are geochemically relatively rare. Their seleni- 
um content may run as high as 48 per cent. Some selenites are also 
known, e.g., chalcomenite, Cu*[Se0 3 ] -2H 2 0, and the selenites of co- 
balt and molybdenum; but all such minerals are rare and probably 
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arc alteration products of selenides. In hydro thermal rocks tellurium, 
in like manner, forms tellur ides of the elements mentioned above and 
of still other elements. It shows, in addition, a special tendency to 
combine with gold, which it accompanies in many mineral veins. The 
gold tellurides, e.g., calaverite, AuTe 2 , and svlvanite, AgAuTe 4 , were 
discussed in chapter 37. The oxidation products of the telluriferous 
minerals include various rare tellurites and tellurates, e.g., dur- 
denite, Fe 2 [Te0 3 ]3-4H 2 0; ferrotellurite, Fe[Te0 4 ] (?); and teinite, 
Cu[(Te,S)0 4 ]-2H 2 0. 

Like sulfur, selenium and tellurium are also found in Nature in the 
native state. They form, in addition, mixed crystals — selen-telluri- 
um, (Se,Te). The oxides selenolite, Se0 2 , and tellurite, Te0 2 , are oxi- 
dation products of the native elements or of selenides and tellurides. 
Selenium also accompanies sulfur in volcanic emanations. The S:Se 
ratio of sulfur sublimates of volcanic regions varies from 600:1 to 
140,000:1, according to Goldschmidt and Hefter (1933). Thus it is 
similar to the ratio in sulfides in igneous rocks. The selenium content 
of native sulfur of volcanic origin may be as high as 5.18 per cent. 

According to Scerbina (Scherbina, 1937), the affinity of tellurium 
for metals in minerals decreases according to the series 

Au- Ag-Hg-Bi-N i-Pb-Cu 
(highest (lowest 

affinity) affinity) 

So far, the selenium and tellurium content of the various classes of 
igneous rocks is unknown. 

SULFUR, SELENIUM, AND TELLURIUM IN THE BIOSPHERE 

Sulfur is a universal constituent of plants, in which it occurs in the 
form of inorganic sulfates, organic sulfides, and a large number of 
organic compounds, e.g., proteins. As a matter of fact, sulfur is es- 
sential for the protein synthesis in plants. In the animals, sulfur is 
assimilated as thioamino acids obtained from sulfoproteins. It is 
finally oxidized to sulfate in the animal and removed in the excre- 
tions. 

Sulfur enters into the plants as soluble sulfates, which yield par- 
tially reduced organic compounds containing sulfur. Upon further 
reduction by bacteria in soil or in animals feeding upon plants, these 
substances yield hydrogen sulfide. This compound is oxidized by 
bacteria to sulfates, which are partly precipitated in soil and partly 
enter the plants in a new cycle. 
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Sulfur is a constituent of coal ashes. However, sulfide minerals de- 
posited from circulating solutions are present in coal beds, and there- 
fore all the sulfur in the ashes was not originally contained in the 
plant remains. Some solid bitumens are exceptionally rich in sulfur 
and they are likewise rich in vanadium ; their origin was discussed in 
chapter 25. 

Selenium is related to sulfur in its biological behavior also. Thus 
plants may take up selenium from soil, and some species are able to 
enrich selenium. Plants contain selenium both as inorganic selenate 
and as organic compounds, as a part of the amino acid molecules. 
Upon analysis, several species yield both inorganic and organic forms 
of selenium. The ability to incorporate selenium varies strongly in 
different species. As a rule, plants taking up much sulfur incorporate 
much selenium as well. Seleniferous plants accumulating available 
selenium may contain, according to Beath and Eppson (1947), 1,000- 
2,000 g/ ton Se, which is collected from soil with a content of 2-5 
g/ ton Se. In soil, selenium is adsorbed on the finely divided inorganic 
and organic colloidal matter. Some plants (. Astragalus , Xylorrhiza , 
Oonopsis , and Stanley a) are definitely associated only with seleniferous 
soils and grow nowhere else. They are primary selenium indicators, 
whereas other plants, the secondary selenium adsorbers, although not 
restricted to seleniferous soils, are capable of adsorbing this element 
from the substratum. In western United States the seleniferous 
plants are definitely correlated with certain geological formations. 
The highest selenium content so far reported in a plant is 15,000 
g/ton in the locoweed (. Astragalus racemosus ; Beath, Gilbert, and 
Eppson, 1941). 

Animals, unlike plants, are not capable of synthesizing seleniferous 
amino acids, and it is probable that they cannot convert inorganic 
selenium compounds into organic ones. In addition, selenium, in con- 
trast to sulfur, is poisonous to most organisms. In higher animals 
selenium is largely removed as volatile compounds during respira- 
tion. 

Some autotrophic bacteria oxidize selenium, and such micro-or- 
ganisms may also reduce selenites. Therefore, selenium may, to some 
extent, replace sulfur in certain organisms. However, selenium is 
probably not essential to higher organisms and only follows sulfur in 
the biosphere. 

Selenium is sometimes enriched in coal ashes (Goldschmidt and 
Hefter, 1933; Goldschmidt and Peters, 1933c), owing to the reducing 
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action of coal on circulating seleniferous solutions. Selenium is also 
reportedly a constituent of pyrite found in coal seams. 

The biogeochemistry of tellurium seems to be completely un- 
known. 

CYCLE OF SULFUR 

During weathering, the sulfide minerals are oxidized, whereby sul- 
fates are produced. Sulfates are also liberated during the decomposi- 
tion of minerals containing [S0 4 ] groups. A part of the sulfates re- 
mains in solution, whereas another part is precipitated as sparingly 
soluble gypsum, barite, and anglesite. The sulfates in solution are 
brought into the sea or closed continental basins. According to the 
analyses presented in Table 6.7, the following is the sulfur content 
of dissolved solids from lake and river waters and from sea water: 

Source (Percent) 


Dissolved solids, lake and river water 4.00 

Dissolved solids, sea water 2 53 


The values show that the salts of river waters contain nearly twice 
as much sulfur as the salts dissolved in the ocean. This result is of 
high geochemical importance because it shows that the two sulfur 
contents are disproportional. The explanation of the low sulfur con- 
tent of ocean water lies in the ionic properties of the sexpositive 
sulfur ion. In sulfates, sulfur is 4-co-ordinated, and therefore hydro- 
gen bond prevails in them (Wickman, 1944; see chap. 5). Conse- 
quently, sulfur belongs to the group of the elements forming complex 
anions with oxygen which are stable in solution. However, the sul- 
fates in solution in the sea share the fate of the carbonates, in that the 
sulfates of the alkaline-earth metals are only sparingly soluble. A 
notable part of the sulfate anions becomes separated from the sea in 
the form of gypsum, Ca[S0 4 ] •2H 2 0, and anhydrite, Ca[S0 4 ]. 

Stagnant conditions exist in closed basins which have shallow out- 
lets to the sea and in which lack of circulation causes the loss of oxy- 
gen. Under such conditions, the sulfates are partly reduced to sul- 
fides, probably largely by the action of bacteria. In like manner, hy- 
drogen sulfide is formed in stagnant waters from the vegetable sulfur- 
bearing compounds in the reduction processes caused by bacteria. 
Stagnant waters are found in some Norwegian fjords, in the Black 
Sea, in numerous tropical lagoons, and in some salt lakes. In the 
Black Sea, hydrogen sulfide is found in water from the depth of 
180 m downward. At 1,500 m its content is 6.17 ml/1. 
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Sapropelic muds rich in organic remains are deposited In stagnant 
waters, and the presence of hydrogen sulfide causes the precipitation 
of sulfides of Iron and copper in the bottom sediments. Galliher 
(1933) emphasized the fact that the black sulfide-bearing muds ac- 
cumulate in an alkaline environment. Ferrous sulfide is considered 
the precursor of pyrite, which is a common constituent in shales, 
slates, and schists of sapropelic origin. Such rocks also contain pyr- 
rhotite and other sulfide minerals considered to have been formed in 
the way just described. The marine black muds usually contain less 
than 2 per cent iron sulfide and seldom over 5 per cent organic car- 
bon. Newhouse (1927) found that pyrite is the common form of Iron 
sulfide found in sedimentary rocks other than coal, whereas mar- 
casite, EeS 2 , is the main form in coal beds. 

Native sulfur is also present in some sediments. In the sea some 
bacteria reduce sulfates to hydrogen sulfide, which is then oxidized 
to native sulfur. Other bacteria are capable of depositing sulfur with- 
in their cells. Sulfur may also be precipitated when volcanic gases are 
brought into contact with sea water and fresh water. It may, further, 
be formed as a product of decomposition of sulfide minerals on the 
surface and in the zone of weathering and around springs carrying 
hydrogen sulfide and sulfates in their water. 

The cycle of sulfur, with special reference to the biosphere, is pre- 
sented in Figure 43.1. There are at least three kinds of micro-organ- 
isms which have a role in the cycle of sulfur, viz., the autotrophic bac- 
teria, which oxidize sulfides to sulfates in the anaerobic sulfate-hy- 
drogen sulfide phase called sulfuretum; the sulfate-reducing bacteria, 
which reduce sulfates to sulfides; and the hetero trophic bacteria, 
which produce hydrogen sulfide from some organic compounds, e.g., 
proteins (Galliher, 1933). 

Table 6.19 shows that the transfer percentage of sulfur is 283, that 
is, the quantity of sulfur now contained in sea water is nearly three 
times as high as the amount supplied thereto as a result of weathering 
processes during the geological history of the Earth. It is therefore 
obvious that the sulfur now found in the oceans cannot be merely a 
product of the weathering of rocks. Consequently, there must exist 
additional sources of sulfur. According to chapters 16 and 44, boron 
and chlorine are analogous to sulfur in this respect because their pres- 
ent amount in the sea is higher than the quantities transported to the 
sea in weathering solutions. It is evident that all the elements dis- 
cussed are brought into the sea by volcanic emanations. The chief 
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sulfur compounds present in volcanic gases are hydrogen sulfide and 
sulfur dioxide. Native sulfur is commonly found in sublimates pro- 
duced by the volcanic gases, and a number of sulfides and sulfates are 
also present in these gases. Sulfuric acid and sulfates are the ultimate 
oxidation products of the sulfur-bearing compounds produced by vol- 
canic emanations. Zies (1929) reported an average content of 0.029 


|Anthroposphere| 



Volcanic 

activity 


Fig. 43.1. — The cycle of sulfur, chiefly in the biosphere 

per cent (by volume) of hydrogen sulfide in the fumarole gases of the 
Valley of Ten Thousand Smokes in Alaska and approximated the 
yield of hydrogen sulfide for the year 1919 as 0.3 *10 6 tons. Three- 
quarters of this amount, at least, were added directly to the sea (see 
also chap. 44). 

The amount of juvenile sulfur cannot be readily estimated, but it 
is evident that it forms a notable contribution to the total of sulfur 
now present in sea water. It is evident that sulfur is contributed also 
by the s ulfi de-ore bodies found in igneous rocks, which are not con- 
sidered when the average content of this element in igneous rocks is 
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calculated. The amount of sulfur produced from the sulfide-ore 
bodies during weathering cannot be estimated. 

According to the considerations presented above, a notable ac- 
cumulation of sulfur in sea water characterizes the cycle of sulfur. It 
might be possible that some sulfur has been present in the sea as a 
primary constituent since the formation of the hydrosphere (Gold- 
schmidt, 1937a). The amount of sulfur which is removed by deposi- 
tion in various sediments is illustrated by the following averages 
(Clarke, 1924; from analyses of H. N. Stokes): 

g 

R° ck (g/i on) 

Sandstones 300 

Shales 2,600 

Limestones 1 , 100 

Because most of the sulfates are leached out from the resistates, the 
sulfur content of sandstones in this series of analyses is notably low. 
The greatest part of sulfur either is removed from sea water as sul- 
fates or is reduced to sulfides and deposited in the hydrolyzates. The 
deposited sulfates consist of those of calcium, strontium, and barium. 
A considerably smaller part is removed, along with calcium carbon- 
ate and magnesium carbonate, in the precipitates. In the evaporates 
considerable amounts of sulfur are present in the form of huge beds 
of gypsum and anhydrite, and a small part remains in solution until 
the last stages of crystallization are reached and forms potassium- 
magnesium sulfates and double salts with the chlorides that separate 
from the brines. 

On the continents sulfates of sodium, potassium, and calcium are 
common in evaporate sediments deposited in arid regions on, or im- 
mediately beneath, the surface. Some sulfate evaporates, e.g., gyp- 
sum, are connected with springs. In many closed basins sulfates, par- 
ticularly sodium sulfate, are precipitated in noteworthy quantities. 

CYCLE OF SELENIUM AND TELLURIUM 

The cycles of selenium and sulfur differ widely from each other. 
The S : Se ratios in some geochemically important materials are listed 
in Table 43.4. 

In sea water selenium, compared with sulfur, is decidedly less 
abundant than in igneous rocks. According to Table 6.19, the transfer 
percentage of sulfur is 283, whereas that of selenium is only 7.4. 
Therefore, it is evident the selenium is removed from the sea to a 
very much greater extent than sulfur is. The S:Se ratio of argilla- 
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eeous sediments shows that selenium is already somewhat enriched in 
the hvdrolyzates. In the oxidate sediments the degree of enrichment 
is still higher. This is caused by the fact that freshly precipitated hy- 
droxides of Fe 3+ and Mn 4 + are able to adsorb selenium nearly quan- 
titatively from aqueous solutions. Selenium thus becomes removed 
from sea water in a manner similar to that of arsenic, i.e., chiefly with 
depositing oxidates (“depoisoning” of ocean water) . Therefore, only 
a small proportion of all selenium originally brought into solution 
during weathering remains in the sea. A part of selenium is removed 
during the precipitation of the carbonate sediments; but the evapo- 
rates are nearly entirely devoid of selenium, although they contain 

TABLE 43.4 

S:Se Ratios in Some Geochemical Materials 


Material S‘Se 

Meteorites (Goldschmidt, 19376) 3 , 000 : 1 

Igneous rocks (Goldschmidt, 19376) 6,000:1 

Magmatic sulfides (Goldschmidt and Strock, 

1935) ^ 10,000:1 

Argillaceous sediments (Minami, 19356) 4,000:1 

Oxidates (Goldschmidt and Hefter, 1933) . . . 250: 1-10,000* 1 

Sedimentary iron sulfides (Goldschmidt and 

Strock, 1935) 100,000:1 

Limestones (Goldschmidt and Strock, 1935) . 14,000*1 

Evaporates (Goldschmidt and Hefter, 1933) . . >500 . 000: 1 

Sea water (Goldschmidt and Strock, 1935) . 232,000:1 

Nitrate sediments (Goldschmidt and Strock, 

1935) 8,000:1 


notable amounts of sulfur as sulfates. This circumstance shows that 
sulfur and selenium become definitely separated from each other dur- 
ing the exogenic cycle. The sulfur deposits formed by reduction of 
sulfates in the exogenic cycle contain no selenium at all (Texas and 
Louisiana in the United States) or only traces thereof (Sicily with a 
S:Se ratio of 1,000,000:1). The oxidation of the selenide minerals of 
igneous rocks to selenates, which resemble the sulfates remarkably in 
their solubility, requires a higher redox potential than the oxidation 
of sulfides to sulfates. This agrees also with the low heat of formation 
of selenic acid from SeCh, 0 2 , and H 2 0, as compared with the high 
value of the heat of formation of sulfuric acid. Accordingly, it is pos- 
sible that sea water contains selenium in the form of alkali selenites. 
During the weathering of seleniferous sulfide deposits, selenium is 
oxidized to selenite, which may form some rare minerals with the 
heavy metals present in weathering solutions, such as copper, cobalt, 
and molybdenum. On the other hand, according to Beath. Hagner, 
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and Gilbert (1946), water-soluble selenate is the dominant form in 
the selenium-bearing rocks (tuffs) and soils of Wyoming, and only 
traces of selenite are present. In the nitrate sediments the redox po- 
tential is very high, actually attaining the highest value found in the 
Earth, and selenium is consequently oxidized therein to selenatcs, 
which occur in the company of other oxygen-rich salts, like nitrates, 
iodates, chromates, and perchlorates. According to Table 43.4, the 
Chilean nitrate sediments have a S:Se ratio similar to that found in 
igneous rocks, and no separation of sulfur and selenium has taken 
place in these deposits. 

Both selenates and selenites are readily reduced to selenium or, 
still more commonly, to various selenides. Some selenium compounds 

TABLE 43.5 

Content of Selenium in Sediments and Sedimentary Rocks 

*°* («/?»„) 

Sandstone, Utah (Beath, Gilbert, and Eppson, 1939) 1 4 

Shale, Utah (Beath, Gilbert, and Eppson, 1939) .... 0 .6-90 .3 

Limestone, Utah (Beath, Gilbert, and Eppson, 1939) . 0 .4- 2 6 

Shales, average (Minami, 19355) 0.6 

Iron sulfides from sedimentary rocks (Minami, 19355) up to 28 

Sedimentary copper ores (Minami, 19355) up to 32 

Sedimentary iron and manganese ores (Goldschmidt 

and Strock, 1935) up to 5.4 

Limestones (Minami, 19355) <0.1 

Caliche, average (Goldschmidt and Strock, 1935) .... 5.2 

are easily volatile and are therefore found in the atmosphere. They 
are brought down in precipitation. 

Table 43.5 shows the content of selenium in some sediments and 
in their derivatives. The number of selenium analyses available is 
still very small. The analyses of Beath, Gilbert, and Eppson (1939) 
are made of rocks of Provo Canyon, Utah, which are among the most 
seleniferous sedimentary rocks in western United States. The values 
show that selenium is concentrated chiefly in the carbonaceous 
shales. It is a well-established fact that sediments and sedimentary 
rocks containing much organic matter of vegetable origin are often 
rich in selenium. 

During metamorphism selenium remains, at least partly, in the 
metamorphic rocks. 

Practically no information is available on the cycle of tellurium. 

ORES OF SULFUR, SELENIUM, AND TELLURIUM 

Native sulfur and various sulfide minerals are used as sulfur ores. 
Native sulfur is of either volcanic or sedimentary origin. Volcanic 
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sulfur is produced in the reaction between hydrogen sulfide and sulfur 
dioxide in the volcanic gases : 

2H 2 S + SOo -> 2H 2 0 + 3S . 

The sedimentary sulfur deposits, according to Ahlfeld (1934), are 
formed chiefly on the border zones of semiarid and arid desert regions 
in which the sulfates, rather highly concentrated in surface waters, 
are reduced to hydrogen sulfide, owing to the action of un saturated 
hydrocarbons contained in petroleum deposits. Carbon dioxide is 
also formed in this process, but it is largely bound into carbonates. 
The hydrogen sulfide migrates upward and is oxidized to sulfur by 
the atmospheric oxygen. When the supply of hydrogen sulfide be- 
comes exhausted, sulfur is rapidly oxidized to sulfates, and deposits 
of gypsum, alum, and other sulfates will ultimately be formed. In the 
absence of the alkali and the alkaline-earth metals, free sulfuric acid 
may accumulate in the desert soil. Recent sulfur deposits formed by 
this process are rare, owfing to the instability of native sulfur under 
atmospheric conditions, when the reducing action of the unsaturated 
hydrocarbons has ceased. Some fossil deposits, such as those in Sicily, 
in Fergana in central Asia, and in Louisiana in the United States, 
have been preserved under a cover of sediments. 

With the exception of native sulfur, pvrite is the most important 
ore mineral of sulfur. It is mined expressly for the production of this 
element. Sulfur liberated during the roasting of sulfide ores is usually 
collected as well. 

Only little selenium is recovered from independent selenium min- 
erals. The element is obtained, instead, as a by-product from flue 
dusts of certain metallurgical processes which use sulfide ores and 
from slimes of electrolytic refining processes. Such slimes and the flue 
dusts from smelters using, in particular, telluride gold ores are the 
main source of tellurium. 
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THE HALOGENS: FLUORINE, CHLORINE, 
BROMINE, IODINE 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

T HE abundance of the halogens in meteorites and igneous rocks 
is shown by the values recorded in Table 44.1, which is based on 
information given by Selivanov (1940, chlorine and bromine in igne- 
ous rocks) and Wasserstein (1947, fluorine in igneous rocks), all other 
values being taken from Goldschmidt (19376). The values recorded 
in this table show that chlorine is the most abundant of all halogens. 


TABLE 44.1 

Abundance of the Halogens 


Material 

F 

Cl 

Br 

I 

g/ton 

Iron phase of meteorites 

unknown 

unknown 

i ; 

0 6 

Troilite phase of meteorites 

unknown 

unknown 

unknown 

unknown 

Silicate phase of meteorites . . . 

unknown 

800 

25 

1.25 

Meteorites, average . . 

2S 

1,000-1,500 

20 

1 

Igneous rocks, average 

600 

314 

1.62 

0 3 


Next to chlorine, fluorine is the most abundant. The remaining halo- 
gens — bromine and iodine — run rather low in abundance, bromine 
being the more abundant of the two. 

Chlorine, bromine, and iodine are absent in the Sun’s atmosphere, 
but fluorine is probably present therein. Meteoritic iron contains 
chlorine as the meteorite mineral lawrencite, FeCl 2 , which has not 
been encountered in terrestrial rocks. 

Geochemieally, all the halogens are lithophile elements. When an 
iron phase is formed in a physicochemical system, a part of the 
chlorine may, under reducing conditions, enter the metal as ferrous 
chloride, and consequently it may be possible that this compound is 
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present In the nickel-iron core of the Earth. With reference to their 
terrestrial occurrence, all the halogens are present in volcanic emana- 
tions. It is possible that the halogens, perhaps with the exception of 
fluorine, were found in the primordial atmosphere of the Earth, being 
subsequently condensed and entering the hydrosphere (Goldschmidt, 
1926, 19376). During the first separation of phases in the beginning of 
the geochemical evolution of the Earth, chlorine, bromine, and 
fluorine were therefore predominantly atmophile. The atmophile 
character of iodine is still rather pronounced today and is perhaps 
stronger than its lithophile behavior. That iodine has also a clear, if 
weak, siderophile and chalcophile tendency was shown by von Fellen- 
berg and Lunde (1927). Furthermore, chlorine, bromine, and espe- 
cially iodine are biophile. In the upper lithosphere all the halogens 
are oxyphile. 

THE HALOGENS IN IGNEOUS ROCKS 

Small quantities of fluorine are nearly always present in igneous 
rocks formed during the main stage of crystallization. Fluorine is 
present in mineral structures as univalent F - ions having a radius 
(1.33 kX) identical with that of 0 2 ~ and OH~ (1.32 and 1.33 kX, re- 
spectively) . The equal size of the fluorine and hydroxyl ions explains 
the common occurrence of fluorine in silicate minerals containing 
OH~ groups in their structures; this is another example of diadochic 
replacement. Fluorine is consequently concealed in micas, amphi- 
boles, tourmaline, etc. 

The most common and most important, both geochemically and 
technically, of the independent fluorine minerals is fluorite, CaF 2 . 
The simple fluorides of magnesium and aluminum do not occur as 
constituents of igneous rocks. Sellaite, MgF 2 , is not stable there- 
in, and the many aluminum-bearing fluorides, such as fluellite, 
A1F 3 -H 2 0, are but mineralogical curiosities like the rare-earth 
fluorides, yttrofluorite, (Ca,Y)F 2 - 3 ; tysonite (fluocerite), LaF 3 ; and 
‘ yttrocalcite,” (Ca,Y)F 2 - 3 ; the borofluorides, e.g., avogadrite, 
K[BF 4 ]; and the silicofluorides, such as malladrite, Na 2 [SiF 6 ]. The 
simple sodium fluoride villiaumite, NaF, is extremely rare, but the 
complex sodium-aluminum fluoride cryolite, Na 3 [AlF 6 ], is technically 
important. Its principal occurrence Is at Ivigtut in western Green- 
land, where it is mined for use as aluminum ore and as flux in metal- 
lurgical processes. Other complex fluorides are formed from cryolite 
as alteration products. 

Like fluorine, chlorine also is nearly always present in igneous 
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rocks of the main stage of crystallization in the form of the Cl - ion. 
This ion is greater (radius 1.81 kX) than the corresponding fluorine 
ion, and therefore the two halogens do not usually replace each other 
in the same mineral but tend to become concentrated in separate 
species. Chlorine frequently occurs with the complex [S0 4 ] and 
[C0 3 ] anions in minerals, e.g., in the chlorosulfate chlorothionite, 
KjCufCh | SO4], and in the chlorocarbonate phosgenite, Pb 2 [Cl 2 [ C0 3 ]. 
The members of the sodalite-helvite group, the scapolites, and eudia- 
lite, (Na, Ca,Fe) 6 Zr [(OH, Cl) | (Si 3 0 9 ) 2 ], are some of the more notable 
silicate minerals containing chlorine, but their quantitative impor- 
tance is small. Chlorides, in general, are readily soluble, and therefore 
there occur no simple chlorides as constituents of igneous rocks. Sal 
ammoniac, NH 4 C1, is a frequent constituent of volcanic sublimates. 

The apatites form a special case; for they are the only minerals in 
which fluorine and chlorine replace each other and the OH - and [C0 3 ] 
groups to a considerable extent. As a matter of fact, apatite is the 
only common rock-making mineral of igneous rocks in which fluorine 
and chlorine occur as essential structural constituents. In all igneous 
rocks apatite and certain other accessory constituents are the first 
minerals to separate out during the crystallization. Kind (1939) 
showed that fluorine, as a rule, predominates in normal igneous rocks 
formed during the main stage of crystallization. The F:C1 ratio 
varies in the rocks ; in acidic rocks the content of chlorine decreases 
with a corresponding increase in the content of fluorine. Therefore, 
the fluorapatites proper are met in acidic rocks, whereas the apatites 
of basic rocks are rich in chlorine. However, also in the latter apatites 
the content of chlorine is lower than that of fluorine. Although apa- 
tite is a common accessory constituent of igneous rocks, it is not their 
chief carrier of fluorine, because the content of fluorine does not in- 
crease in proportion to that of phosphorus (Shepherd, 1938, 1940; 
Barth and Bruun, 1945). Barth (1947) found that in basalts all fluo- 
rine is contained in apatite. In other igneous rocks and in metamor- 
phic rocks fluorine is predominantly present in hornblende, micas, 
and fluorite. Biotite may contain up to 4.3 per cent F. According to 
Sahama (1945a), fluorite may be a more important source of fluorine 
in igneous rocks than the other fluorine-bearing minerals. The rapa- 
kivi granites of eastern Fennoscandia are higher in fluorine than are 
granites in general (0.23-0.36 per cent F, according to Sahama), and 
fluorine is one of the most characteristic constituents of this group of 
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rocks. Along with fluorine-rich biotite and amphibole, they contain, 
on an average, 0.5 per cent fluorite. 

Fluorine shows a higher tendency to become concentrated toward 
the last phases of the main stage of crystallization than chlorine, al- 
though the tendency in the case of fluorine is not always evident. The 
concentration of fluorine is most pronounced during the pegmatitic 
stage and leads to the enrichment of fluorine, as fluorite, in the peg- 
matites of acidic rocks. Similarly, fluorine is an element peculiar to 
pneumatolytic and hydrothermal rocks. In pegmatites and contact 
metamorphic rocks fluorine is often concentrated in topaz, 
AI 2 [F 2 1 Si0 4 ], and amblygonite, LiAl[(F,OH) | P0 4 ] ; pneumatolytic 
rocks contain the fluorine-bearing micas lepidolite and zinnwaldite. 

Bromine is a typical dispersed element in the sense of Vernadsky 
(1924). It is never considerably enriched in igneous rocks. The ionic 
radius of Br~ (1.96 kX) is of the same order of magnitude as that of 
chlorine, and bromine may therefore be expected to be able to replace 
chlorine in minerals to some extent. The manner of occurrence of 
bromine in minerals separated during the main stage of crystalliza- 
tion is known very incompletely, but the analyses carried out by 
de Fellenberg and Lunde (1926) prove, for example, that sodalite, 
Nas[Cl 2 | (AlSi0 4 )a], does not contain more bromine than do the sili- 
cate minerals which are devoid of chlorine as a structural constituent. 
So far, the form of bromine in the common rock-making minerals is 
unknown. The maximum bromine content found by de Fellenberg 
and Lunde was 20 g/ ton Br in a labradorite. 

Iodine is another example of the typical dispersed elements, and, 
like bromine, it is never concentrated enough in igneous rocks to form 
independent minerals. The radius of the I - ion is 2.20 kX, or consid- 
erably greater than that of the Br - ion. Therefore, the diadochic re- 
placement of the other halogens by iodine is completely out of the 
question. In some early magmatic sulfides von Fellenberg (1927) 
found 0.15-0.35 g/ton I. Likewise, the content of iodine in the 
common rock-making minerals is of a similar degree of magnitude 
(de Fellenberg and Lunde, 1926). Like bromine, iodine does not fol- 
low chlorine in minerals. In addition, the determinations made by 
de Fellenberg and Lunde showed no noticeable parallelism between 
the occurrence of bromine and that of iodine in minerals. The highest 
iodine content reported was 0.94 g/ton I in a hypersthene. The form 
of iodine in igneous rocks is still unknown; but de Fellenberg and 
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Lunde suggest that heavy metals, like copper, silver, lead, and mer- 
cury, might combine with iodine to form sparingly soluble iodides. 

The content of the halogens in the various groups of igneous rocks 
is presented in Table 44.2, from which it is evident that the number 
of determinations available is still too small to be satisfactory. Many 


TABLE 44.2 


Content of the Halogens in Igneous Bocks 


Rock 

(Trogei, 1934) 

F 

Avci age 
(g/ton) 

Amphibole rocks 

3,000 

Anorthosites, peridotites, pyroxenites . 

100 

Gabbros .... 

300 

Dioritcs, granodiorites ... 

200 

Granites . . 

500 

Alkalic pyroxenites . . . 

1,500 

Melilite rocks 

1,500 

Malignites, shonkmites 

1,500 

Nepheline syenites . . 

S00 

Monzonites 

1,000 

Syenites 

GOO 


Rock 

(Selivanov, 1910) 

Cl 

Avei age 
(g/ton) 

Br 

Aveiage 

(g/ton) 

Cl :Br 
Average 

Basalts . 

260 

2 67 

131 

Gabbros 

200 

2 00 

105 

Granodiorites 

540 

2 57 

292 

Granites 

330 

1 60 

275 

Syenites 

400 

1 07 

284 


Rock I 


(de Fellenberg and Lunde, 1926) 


(g/ton) 


Basalt, Siebengebirge, Germany. 
Anorthosite, Ekersund, Norway 
Granite, Fredrikshald, Norway 


0 31 
0 23 
0 20 


of the earlier fluorine determinations are unreliable, and new deter- 
minations by modern methods are few. However, it is known that 
fluorine tends to become concentrated in some rocks. Alkalic rocks 
tend to be high in fluorine, and the obsidians, according to Shepherd 
(1935), are usually rich in fluorine (up to 0.68 per cent F). Zies (1924) 
reported up to 7 per cent F in fumarolic incrustations of the Valley 
of Ten Thousand Smokes. Selivanov (1940) found that the various 
igneous rocks differ very little in their chlorine and bromine content. 
On the other hand, the Cl :Br ratio varies, being lower in basic rocks. 
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The average Cl:Br ratio for igneous rocks is 248. In volcanic subli- 
mates the ratio exceeds the value 300. The content of iodine does not 
change materially during the differentiation. 

BIOGEOCHEMISTRY OE THE HALOGENS 

Fluorine is a microconstituent of plants, but some species may ac- 
cumulate it, for example, tea plants. The potassium salt of mono- 
fluoroacetic acid is present in Dichapetalum cymosum as a toxic prin- 
ciple; the fluorine content of this plant may run as high as 150 g/ton 
F. It is also concentrated in coal; according to Robinson and Edging- 
ton (1946), many soft coals may contain as much as 100 g/ton F. 
However, it seems to be possible that the fluorine content sometimes 
is due to deposition from circulating solutions. Fluorine is also fre- 
quently present as a microconstituent in marine animals, which actu- 
ally are richer in fluorine than are terrestrial species. Marine shells 
probably contain fluorine as calcium fluoride. In higher animals fluo- 
rine is contained in bones and especially in teeth. However, the phys- 
iological role of fluorine is still largely unknown. In man and labora- 
tory animals fluorine in high concentrations (>1 g/ton in drinking 
water and food) causes dental fluorosis, whereas in low concentra- 
tions (<lg/ton) it makes the dental enamel highly resistant to acids, 
evidently due to the formation of fluorapatite. 

Chlorine is found in all plants with the exception of the conifers. 
Some species are known to secrete sodium chloride, and others toler- 
ate high contents of chloride ion in soil; thus, e.g., Nitraria schoberi 
tolerates sodium chloride in concentrations of 50-80 g/1. Chlorine is 
also always present in animals. Its content is greatest in lower marine 
animals and lowest in some fresh-water species. The skeletal parts of 
anthozoans are reported to contain 0.3 per cent Cl, 4.2 per cent Br, 
and 6.9 per cent I; in these animals the abundance ratio of the halo- 
gens in sea water has been reversed. Chlorine in plants and animals 
is predominantly inorganic. Certain aromatic chloro-compounds are 
found in lichens and molds growing in solutions containing inorganic 
chlorides; but, on the whole, the number of organic chlorine com- 
pounds, like that of other organic halogen compounds, is very small. 
The biological f un ctions of chlorine are versatile. It is a factor in 
plant growth, a constituent of gastric juice, and a transport element 
for metals of biochemical importance. In addition, chlorine, together 
with sodium, has an important function in determining the amount 
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of water in tissues and the osmotic pressure in tissue fluids. In cells, 
chlorine is a buffer agent. 

Land plants may contain bromine as a minor constituent, but its 
role therein is still unknown. Bromine is also a microconstituent of 
higher animals, but its physiological significance is unknown, and it 
is possible that it accompanies chlorine only as a ballast element 
(chap. 8). Bromine is always found in marine plants and animals. The 
ashes of marine plants may contain nearly as much bromine as 
chlorine. In anthozoans, bromine may almost completely replace 
chlorine. There are two organic bromine compounds of biological im- 
portance, viz., dibromotyrosine in horny corals, algae, sponges, and 
annelids, and dibromoindigo, the classical Tyrian purple dye, in the 
gastropods Murex hrandaris and M . purpureas . 

Iodine is a microconstituent of all plants and animals. Its influence 
in plants is unknown, and it may be only a ballast element. Fresh- 
water plants contain more iodine than land plants do. According to 
Cauer (1938), plants may take directly from the atmosphere in excess 
of 60 per cent of the iodine that they require. Iodine is known to be- 
come concentrated in coal ashes. In the sea, marine plants, especially 
the seaweeds, are very rich in iodine. According to Cauer (1938), 
leaves of the alga Laminaria kyperborea may contain up to 11,476 
g/ton I per dry weight. The form of iodine in seaweed is still un- 
known. Among marine animals some sponges and corals are very rich 
in iodine, and its content may run as high as 8 per cent of the weight 
of dry tissue. In horny sponges and horny corals iodine is present in 
the aromatic amino acid 3,5-diiodotyrosine (iodogorgoic acid) in the 
skeletal protein. In higher animals iodine is an essential microconstit- 
uent. In the thyroid gland of mammals it occurs in the amino acid 
thyroxine and controls the rate of metabolism. It has, consequently, 
a very important physiological function in the higher animals. Mas- 
son (1938) has emphasized the scantiness of iodine as the factor 
which prevents its becoming a normal ingredient of proteins, con- 
trary to sulfur and phosphorus. 

CYCLE OF THE HALOGENS 

The most notable feature in the cycle of the halogens is the fact 
that they form few insoluble salts. Therefore, they do not become 
readily precipitated under the conditions of the exogenic cycle. 

The cycle of fluorine is shown in Figure 44.1. Fluorite, the most 
common of fluorine minerals, is rather resistant to weathering. Be- 
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cause its specific gravity is somewhat higher than that of the common 
rock-making minerals quartz, feldspars, and micas, it is often concen- 
trated, together with other heavy minerals, in the resistates and may 
be present in placers. Layers rich in fluorite may sometimes occur in 
sandstones. A part of fluorite is, however, dissolved, and fluorine is 
transported into the sea as soluble alkali fluorides. Some fluorine, on 
its way toward the sea, may be precipitated as calcium fluoride. 
Little is known about the role of fluorine in the sea. The solubility of 
calcium fluoride increases in the presence of carbon dioxide, and 
therefore sea water is not saturated with respect to calcium fluoride. 



Fig. 44.1. — The cycle of fluorine 


Finally, fluorine is deposited in evaporate sediments, in which it may 
enter the sodium chloride structure. Sellaite is found in potassium 
salt beds. 

The values presented in Table 6.19 show that only a negligible part 
of fluorine transported into the sea is present in sea water and that 
the bulk of fluorine is removed from the seas. Calcium fluoride is re- 
moved by coprecipitation with barium sulfate, calcium carbonate, 
and calcium phosphate and consequently enters into many marine 
sediments. Organogenic phosphates are rich in fluorine. The North 
African phosphates, on an average, contain 3.5 per cent F. Fluorapa- 
tite-resembling minerals are present in the phosphates, and they 
bring fluorine back to the endogenic cycle (Barth, 1947) . Although 
fluorine and phosphorus are closely related to each other in sediments 
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and sedimentary rocks, they gradually become separated during 
metamorphism and anatexis. The deposition of fluorine in phos- 
phates may also take place in inland waters. The details of the ex- 
traction of fluorine are still unknown. 

Much of the fluorine found in silicate minerals, particularly in 
micas, enters the fine-grained transported insolube residues and the 
hydrolyzates. It is encountered in the clay minerals. Fluorine is 
strongly adsorbed in soil. According to Robinson and Edgington 
(1946), much fluorine is present in the common soil minerals, musco- 
vite, biotite, and hornblende; but, in general, the main source of 
fluorine in the ordinary soil consists of clay minerals (up to 7,400 
g/ton F in bentonite). Fluorine accumulates in cultivated soil as a 
result of superphosphate fertilization. According to Maclntire, Win- 
terberg, Thompson, and Hatcher (1942), calcium fluoride is the 
stable form of fluorine in soil in humid regions. They found an aver- 
age content of 141 g/ton F in normal soil; the average reported by 
Robinson and Edgington (1946) is 292 g/ton F. 

Considerable quantities of fluorine are added directly to the exo- 
genic cycle by volcanic processes. Tageeva (1942) found up to 10.4 
g/ton F in natural waters connected with volcanic activity, whereas 
the maximum content in normal surface water was 2.1 g/ton. Zies 
(1929, 1938) calculated that the amounts of hydrochloric acid and 
hydrofluoric acid emitted by the fumaroles of the Valley of Ten 
Thousand Smokes in Alaska in 1919 were 1.25 TO 6 tons and 
0.2 HQ 6 tons, respectively. At least three-quarters of these amounts 
were added directly to the sea through the action of atmospheric 
agencies. 

Shepherd (1935) found 1,100 g/ton F in a bottom mud from the 
Pacific Ocean. Barth and Bruun (1945) reported the following aver- 
ages: 250 g/ton F in Ordovician limestones, 510 g/ton in Ordovician 
and Cambrian shales, and 690 g/ton in hornfelses. 

The values for the hornfelses show the increase in the content of 
fluorine with the degree of contact metamorphism. 

Chlorine goes readily into solution during the weathering as alkali 
and alkaline-earth chlorides, etc. When the chloride solutions are 
brought into contact with heavy metals, particularly mercury, silver, 
copper, and lead, in the superficial parts of ore bodies, insoluble or 
sparingly soluble chlorides of the metals in question will be precipi- 
tated, e.g., chlorargyrite, AgCl; cotunnite, PbCl 2 ; nantokite, CuCl; 
calomel, HgCl; and a number of other chlorides, oxychlorides, and 
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hydrous chlorides. The bulk of chlorine is carried into the sea, where 
it remains as the chloride ion. Only a small part of the chlorine found 
in the oceans will finally crystallize in the evaporates as halite, NaCI, 
and a number of other salt minerals. Halite is the technical source of 
chlorine. 

An important feature in the cycle of chlorine is the fact that many 
times more chlorine is now present in sea water than has been re- 
leased by the weathering of rocks and transported into the oceans 
during the geological history of the Earth (see Table 6.19). This cir- 
cumstance was explained by Goldschmidt (19376), who claimed that 
the greatest part of chlorine found in sea w T ater has been liberated by 
volcanic emanations directly into the hydrosphere. Consequently, 
only a small part of the chlorine present in sea water has been pro- 
duced by the weathering of rocks. The analyses of volcanic gases re- 
ferred to in chapter 5 and above (“Cycle of Fluorine”) afford materi- 
al proof of the validity of this opinion. Hydrochloric acid is present 
as a common constituent of volcanic gases, in which it may originate 
in a number of reactions, as, for example, the following (Zies, 1929) : 

SFeCh + 3H 2 0 ^ Fe 2 0 3 -b 6HC1 
HoS + 3C1 2 + 2H 2 0 ^ S0 2 + 6HC1 
S + 2C1 2 + £H 2 0 ;=± S0 2 + 4HC1 

Zies (1929) calculated that the Valley of Ten Thousand Smokes pro- 
vided about 1 per cent of the total amount of hydrochloric acid need- 
ed annually to make up the difference in the Na : Cl ratio in river and 
ocean water. E. S. Shepherd (according to Zies, 1929) calculated that 
the volcano Kilauea in Hawaii gives off annually 30 -10 6 kg HC1 into 
the atmosphere. 

The content of chlorine in sediments and sedimentary rocks is 
practically unknown. In soil and peat the chlorine content, according 
to Selivanov (1940), is of the same order of magnitude as in igneous 
rocks. Compared with bromine and iodine, chlorine appears not so 
highly concentrated by organic processes. 

Like chlorine, bromine also is easily dissolved during the weather- 
ing. The bromide solutions may also precipitate heavy metals, where- 
by insoluble minerals are produced, e.g., bromargyrite, AgBr. Bro- 
mine goes, for the most part, into the sea, and its content therein is 
considerably higher than that of fluorine and iodine. The Cl:Br ratio 
in sea water is 292. When compared with the Cl:Br ratio in igneous 
rocks, viz., 243, this value shows the relative enrichment of chlorine 
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in the sea. Bromine is concentrated in marine organisms, and there- 
by it becomes enriched in marine muds and phosphates of organic 
origin. During the formation of marine evaporates, bromine remains 
in the mother-liquor until relatively late stages of crystallization are 
reached. It is subsequently concentrated in the K-Mg salts, in which 
it replaces chlorine diadochically. In the waters of closed basins and 
in the evaporates formed therein, bromine is, in addition, strongly 
enriched in regard to chlorine. Considerable amounts of bromine are 
often present in brines associated with petroleum. The bromine was 
an original constituent of the organic substances converted into pe- 



Fig. 44.2. — The cycle of iodine 


troleum. Notable underground deposits of bromine are found in the 
Middle East, from which inorganic bromides are believed to be 
leached out by underground thermal waters, which finally bring the 
bromine into the Dead Sea (see chap. 6). It has been suggested that 
these bromides come from sediments containing the fossilized re- 
mains of purple snails. The chief industrial sources of bromine are 
natural brines, sea water, salt deposits, and the bitterns obtained 
during the evaporation of sea water. 

Bromine is concentrated in the soil, and almost all bromine present 
therein is in organic combination. Selivanov (1940) gives 6.51 g/ton 
Br as the average content in soil, and 30 g/ton as the average in peat. 
The bromine content of sediments and sedimentary rocks is not well 
known. According to Goldschmidt (19376), the average content in 
sedimentary rocks is about 3 g/ton Br. Krejci-Graf and Leipert 
(1936) analyzed a number of sediments and sedimentary rocks for 
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their bromine content. No difference was found between the bromine 
content of marine and that of fresh-water sediments. The content of 
bromine increases in relation to the content of organic matter. Dur- 
ing metamorphism bromine is removed, and highly metamorphosed 
rocks are entirely devoid thereof. According to Krejci-Graf and 
Leipert, the hydrolyzate sediments contain 0.2 g/'ton Br and up; a 
content of 132 g/ton Br was found in the oil shale (kuckersite) from 
Estonia, originally an algal mud. The average bromine content in 
petroleum was approximately 2 g/ton. 

The cycle of iodine is presented in Figure 44.2. More details of the 
cycle of iodine are known than of those of the other halogens. Accord- 
ing to the table presented by Goldschmidt (1933a, 1934), the content 
of iodine in igneous rocks, sea water, and other materials of impor- 
tance in the exogenic cycle of matter is given in the accompanying 
table. 


Material 

Igneous rocks 
Cultivated soil . . 

Air 

Rain water . ... 
River water .... 
Sea water 


i 

(g/ton) 

0.3 

2 

0 0005 
0 001 - 0.003 
0 0007 - 0.003 
0.05 


Notable amounts of iodine are present in the atmosphere, obvious- 
ly as vapors of the native element. The content of iodine is higher in 
air masses of marine origin than in those originating over the conti- 
nents. Iodine is carried away from the atmosphere partly by rain 
water and partly by direct adsorption into the soil and into plants. 
It becomes very strongly enriched in soil as readily soluble com- 
pounds. The highest concentration of iodine is found in cultivated 
soil. According to Goldschmidt (1933a), there exists an equilibrium 
between the iodine adsorbed from the air into the humus-bearing 
superficial layers of the soil and the portion extracted from the soil 
by surface water and ground water. Goldschmidt thought it rather 
probable that the equilibrium has so far not always been attained in 
geologically young soils, for example, in the once glaciated areas of 
Fennoscandia and North America. This fact evidently has a high 
practical importance when the physiological role of iodine is consid- 
ered. Cauer (1938) showed that very considerable quantities of iodine 
are released into the atmosphere during the recovery of iodine from 
the seaweeds by primitive methods. This source of atmospheric io- 
dine is of high physiological importance. A part of iodine returns into 

767 



GEOCHEMISTRY 

the sea from the soil. Approximately a fourth of the total amount of 
iodine remains in the oceans (see Table 6.19). 

At least a part of iodine is present in sea water as iodide and iodate, 
and other forms may also be found. The content of iodine seems to 
have some relation to the salinity of sea water. It increases parallel 
to the rise in salinity. Thus, for instance, the iodine content of Red 
Sea water is high (0.66 g/ton), whereas the Baltic is very low in io- 
dine (0.01 g/ton). 

Part of the iodine present in rocks is dissolved as iodide during 
weathering. Sometimes, when iodine-rich solutions are brought into 
contact with heavy metals, insoluble compounds may be precipitat- 
ed, as in the case of chlorine and bromine. Among the minerals 
formed in the superficial parts of ore bodies of heavy metals, iodar- 
gyrite (iodyrite), Agl, and marshite, Cul, deserve special mention. 
Some secondary lead minerals, e.g., pyromorphite and wulfenite, are 
particularly rich in iodine (de Fellenberg and Lunde, 1926). How- 
ever, the possibility of the inorganic concentration of iodine is very 
small, and all economically important sources of this element were 
formed by ancient biochemical processes. 

Much iodine is removed from sea water by the action of various 
organisms, particularly the seaweeds, which form an industrial iodine 
source of high importance. The content of iodine in marine organisms 
may be as much as 10 5 times as high as its content in sea water. The 
biological enrichment of iodine results in the low content of iodine in 
the shallow coastal waters, as compared with the open ocean. It is 
known (Vinogradov, 1943 ) that the concentration of iodine by sea- 
weeds and particularly by plankton diatoms creates the necessary 
conditions for the accumulation of iodine in marine muds. During 
metamorphism, iodine (as well as bromine) is dissolved in water from 
these muds and becomes concentrated in mineral waters. The occur- 
rence of iodine in petroleum brines is caused by similar processes (see 
chap. 8). 

Bituminous sediments are comparatively rich in iodine, and the 
organogenic phosphate deposits and many coals contain noteworthy 
amounts of iodine. It is rather strongly concentrated in hydrolyzates ; 
the adsorption is promoted^by the presence of organic matter. How- 
ever, the content of iodine in sediments and sedimentary rocks is 
nearly totally unknown. Goldschmidt (1937 b) estimated that sedi- 
mentary rocks, on an average, contain 0.8 g/ton iodine. A content of 
0.07-0.55 g/ton I is reported to occur in limestones (de Fellenberg 
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and Lunde, 1926). Among the marine evaporates, particularly the 
potassium salts devoid of magnesium are regularly iodiferous. How- 
ever, the ferric compounds contained in these salt sediments as im- 
purities are known to promote catalytically the separation of iodine. 

Iodine is strongly concentrated in some evaporates, viz., in the 
nitrate sediments (see chap. 23). Thus, for example, the Chilean ni- 
trate deposits are comparatively rich in iodine (200-1,700 g/ton I; 
average 1,500 g/ton). The nitrate beds are, as a matter of fact, the 
only places where abundant solid iodine compounds are found. Owing 
to the high oxidation potential prevailing in these deposits, iodine is 
found there in the form of iodates, the most important of which is the 
calcium iodate, lautarite, Ca(I0 3 ) 2 . The origin of these deposits is 
still a matter of controversy, and no single hypothesis has met all the 
known facts. It has been suggested that iodine becomes enriched in 
the nitrate deposits by an adsorption process similar to the phenom- 
ena causing its concentration in cultivated soil. Because the adsorp- 
tion takes place in arid regions, the transportation of iodine is pre- 
vented, and therefore it becomes enriched in the nitrate beds, with 
subsequent oxidation to iodate. 

Some mineral waters are rich in iodine, particularly those connect- 
ed with oil-bearing beds. Such waters are used as industrial sources of 
iodine, e.g., those on Java with a maximum content of 150 g/ton 
iodine. 
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CHAPTER 45 


THE INERT GASES 

ABUNDANCE AND GENERAL GEOCHEMICAL CHARACTER 

T HE group of the inert gases includes the following : helium, neon, 
argon, krypton, xenon, and radon. Radon, being a short-lived 
radioactive element, will be discussed in chapter 46. The geochemis- 
try of these elements differs from that of other elements in that these 
gases are chemically highly inert. This property has caused the adop- 
tion of the names inert or noble gases for the whole group. So far, no 
conclusive proof has been presented of the existence of compounds of 
all the inert gases. However, helium at least may react in spark dis- 
charges at high temperatures with a number of elements to form sev- 
eral rather unstable compounds. Owing to the lack of compounds 
stable under natural conditions, the manner of occurrence of the inert 
gases, in particular that of helium, may be studied only with respect 
to substances which accompany them in Nature. 

The inert gases are all typically atmophile. They are only sparing- 
ly soluble in water and only very little absorbed by solid phases. 

Helium is present in the Sun’s atmosphere, whereas the other inert 
gases are absent therein. Although no neon lines are present in the 
solar spectrum, neon occurs as a constituent of the hotter stars and 
of the nebulae. Consequently, neon is not a rare element cosmically. 

Helium is, next to hydrogen, the most abundant constituent of the 
Sun. The main-sequence stars have a chemical composition identical 
to that of the Sun. The high cosmic abundance of helium (see Tables 
2.3 and 2.4) is explained by the energy-producing thermonuclear 
processes which take place in the interiors of the stars and constantly 
change hydrogen into helium (see chap. 2). Together with hydrogen, 
helium is cosmically the most abundant of all elements. 

Helium is a constituent of meteorites. The greatly varying helium 
content of the meteoritic irons was explained by Bauer (1947) as a 
result of cosmic radiation, which has produced extra helium in the 
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small meteoroids. Cosmic radiation causes nuclear disruptions in 
which a-particles are among the disintegration products. 

Another name used of the elements of this group is the rare gases. 
With the exception of the short-lived radioactive elements, some of 
the inert gases are among the rarest of all elements of the Earth. The 
abundance values of the inert gases in igneous rocks are presented in 
Table 45.1 and their abundance in the atmosphere in Table 45.2. 


TABLE 45.1 


Content of the Inert Gases in Igneous Rocks 


Element 

He (Goodman and Evans, 1944) 

Ne (Lord Rayleigh, 1939) 

A (Lord Rayleigh, 1939) 

Kr 

Xe 


Content 

(g/ton) 

0.003 

0.00007 

0.04 

unknown 

unknown 


TABLE 45.2 


Content of the Inert Gases in the Troposphere 


Element 

Percentage 
by Volume 
(Paneth, 1939) 

Amount 

(g.cm-2) 

(Goldschmidt, 

19376) 

Helium 

5 24-1CT 4 

0.0007 

Neon 

1 S-IO -3 

0.012 

Argon 

0 93 

12.9 

Krypton 

1-1(T 4 

0 003 

Xenon ... 

8 • 1CT 6 

0 000045 


HELIUM 

Radioactivity plays an important role in the geochemistry of heli- 
um. Unlike the other inert gases, helium is formed as an end-product 
of radioactive decay. It is produced in the disintegration of uranium 
and thorium, the rates of production being 1.16*10~ 7 ml He per 
gram of uranium and 2.43 •10“ s ml per gram of thorium per year. 
The independent thorium and uranium minerals are consequently 
particularly rich in helium. The absolute geological age of such min- 
erals may be calculated if their uranium, thorium, and helium con- 
tent is known, as was suggested by R. J. Strutt (Lord Rayleigh) in 
1910. However, usually at least some of the helium formed has been 
lost, and therefore the method does not yield reliable results. In ig- 
neous rocks the helium content never exceeds the order of 10~ 4 ml 
per gram, but some radioactive minerals may contain very high 
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amounts of helium (up to 10.5 ml per gram in thorianite) . Such min- 
erals are, however, rare, and therefore most of the helium seems to 
be formed in minerals like zircon and sphene, which are common as 
accessory constituents of igneous rocks and usually contain small 
amounts of radioactive elements concealed in their structures. Heli- 
um is not excessively localized in rocks. Some common rock-making 
minerals do not retain all the helium generated in their structures 
during the geological history of the Earth. According to Keevil 
(1941), the retentivity of feldspar is very low, whereas minerals with 
close-packed structures, such as magnetite, pyroxenes, and amphi- 
boles, appear to retain helium. Magnetite has a higher helium reten- 
tivity than pyroxenes and feldspars. The size of the helium ion is 
large compared with the vacant spaces in the structures of min- 
erals. 

Sometimes excess helium is present in ferromagnesian minerals and 
in magnetite, either original or added, magmatic or from other 
sources. Beryls often contain helium in quantities considerably in 
excess of those which can be accounted for by the traces of radioac- 
tive elements present. This remarkable fact is still unexplained (Fay, 
Gluckauf, and Paneth, 1938), but it might be possible that helium is 
also produced in Nature by atomic transformation processes similar 
to those which are caused artificially. Such processes might be re- 
sponsible for the presence of helium in beryl and perhaps in some nat- 
ural gases (Paneth, 1938). The occurrence of helium in salt minerals 
(halite and sylvite) is explained by the presence of the lead isotope 
Pb 210 (RaD) in these minerals. It produces helium indirectly during 
its decay. 

Helium is, further, identified in the firedamp of many coal mines, 
in gases from mineral springs, in volcanic gases, and in petroligenic 
natural gas. As much as 6 per cent He by volume is reported in a 
mine gas from Sweden (Grip and Odman, 1944). Here helium is of 
radiogenic origin. The gases of coal mines may contain up to 0.22 per 
cent helium by volume, and the gases from some mineral waters in 
central France contain 10.31 per cent. The cause of the occurrence of 
helium in such gases still remains to be explained. Very notable heli- 
um contents may be found in petroligenic natural gas, the maximum 
being 16 per cent He by volume in natural gas from the eastern slope 
of the Rocky Mountains in the United States. However, noteworthy 
helium contents have been found only in the nitrogen-rich gases, and, 
even among these, gases containing more than 1 per cent He are rela- 
tively uncommon. 
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The most important helium deposits of the world are the petroli- 
genic natural gas fields of the United States. The total helium re- 
serves in the United States are estimated at over 200 *X0 6 m 3 . The 
Rocky Mountain province mentioned above probably contains the 
most important of the known industrial sources of helium. As pointed 
out by Szelenyi (1941), the geological age of these deposits is relative- 
ly ancient (Carboniferous), and this characteristic is shared by simi- 
lar deposits elsewhere. Most of the helium was evidently produced 
by radioactive processes in the country rock, but some may also have 
come from the organic substances responsible for the formation of 
petroleum and natural gas. The release of helium from minerals and 
rocks is greatly promoted by leaching with hydrogen, methane, and 
its homologues, and it is also activated by the oxidation of rocks dur- 
ing the weathering. These processes are held responsible for the ac- 
cumulation of helium in natural gas. The presence of helium in vol- 
canic gases is due to its liberation when the rocks react with hot gases 
and vapors. The presence of methane, hydrogen, and hydrogen sul- 
fide in such gases makes the leaching of helium probable. 

Along with helium generated by the radioactive decay, some heli- 
um might be present which is original, having never been associated 
with radioactive elements. There might also be helium which was 
formed during the radioactive decay prior to the formation of the 
solid crust of the Earth. Provided that all helium now found in the 
atmosphere is radiogenic, that the age of the solid lithosphere is 
2,000 -10 6 years, and that the Th :U ratio therein is 3 : 1, all helium of 
the present atmosphere would have resulted from the decay of 
2 kg-cm~ 2 of average igneous rock, which contains 0.007 g* cnr 2 U 
and 0.021 g-cm -2 Th (Goldschmidt, 19376). According to Gold- 
schmidt, however, the amount of igneous rocks required is only 1.3 
per cent of the grand total of igneous rocks weathered during the geo- 
logical history of the Earth. Although there is somewhere in the 
stratosphere a region in which helium becomes enriched (Paneth, 
1938; see chap. 7), it is evident that the quantity of helium liberated 
during the weathering of igneous rocks throughout the geological 
evolution of the Earth is many times higher than the present amount 
of atmospheric helium. Therefore, helium must escape into inter- 
planetary space (see chap. 7). 

Other calculations have revealed that the uranium and thorium 
found in granitic rocks have produced, during the last 1,500 -10 6 
years, two thousand times as much helium as is now found in the at- 
mosphere. Rogers (1921) estimated that somewhere between 8 and 30 
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million m 3 of helium is generated annually by radioactive decay. Be- 
cause the total helium quantity is approximately 10 14 m 3 , an amount 
equal to the present helium content of the atmosphere would be add- 
ed to it every 10 million years or so (Paneth, 1938). This is another 
proof of the fact that helium constantly dissipates into the void. 

The light helium isotope, He 3 , is very much scarcer than He 4 . Be- 
cause He 3 must be lost from the atmosphere more readily than He 4 , 
one would expect this isotope to be concentrated in the upper litho- 
sphere, but actually just the reverse is the case. According to Good- 
man (1942), the primordial helium in the lithosphere is diluted by 
radiogenic He 4 , or He 3 is formed in the atmosphere by cosmic radia- 
tion. 

Helium-bearing petroligenic natui'al gas is the most important 
commercial source of helium. The extraction of helium from air is 
normally prevented by the high cost of the process. 

NEON 

Neon is found in the atmosphere, being released during the weath- 
ering of igneous rocks. According to Lord Rayleigh (1939), neon in 
igneous rocks is probably trapped in open spaces of mineral struc- 
tures. The neon content of igneous rocks is presented in Table 45.3, 
which is based on analyses carried out by Lord Rayleigh. 

The values presented in Tables 45.1, 45.2, and 45.3 show that neon 
is very much scarcer than argon. The Ne:A ratio in the atmosphere 
is 1.94 *10 -3 . In other words, argon is nearly 520 times as abundant 
as neon in the atmosphere. According to Lord Rayleigh (1939), the 
Ne:A ratio in igneous rocks varies from 2.1*10~ 3 to 6.5-10 -3 , the 
average being 4.0 -10 -3 . Therefore, there is no considerable differ- 
ence in this ratio in the air and in the upper lithosphere. Russell and 
Menzel (1933) emphasized the fact that neon is cosmically an abun- 
dant element, whereas argon is rather deficient. To explain the dis- 
crepancy between the cosmic and the terrestrial abundance of these 
gases, they assumed that the Earth has lost practically all its initial 
neon into interplanetary space, like most of the hydrogen and the 
bulk of helium. This suggestion does not agree with the theoretical in- 
vestigations of Jeans (1925), which showed that, even at tempera- 
tures as high as 400° K., in the upper atmosphere the loss of hydrogen 
is small and that of all other (heavier) gases negligible. However, 
Russell and Menzel pointed out that fast-moving gas molecules must 
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be more abundant in the upper atmosphere than the kinetic theory 
of gases predicts. They arise from collisions between normal and ex- 
cited atoms. Oxygen atoms in the metastable state are normal con- 
stituents of the upper atmosphere. When they collide with hydrogen 
and helium atoms, a speed exceeding the escape velocity will be im- 
parted to the two light atoms. Collisions with heavier atoms produce 
velocities too low for escape. Russell and Menzel emphasized that 
most of the loss of hydrogen and helium occurred during the first few 
years of the independent existence of the Earth, the loss of hydrogen 
being practically immediate. Argon, nitrogen, and neon in the 
Earth’s atmosphere are probably primitive, whereas water vapor and 
carbon dioxide are juvenile and oxygen is a product of vegetation 


TABLE 45.3 

Content of Neon and argon in Igneous Rocks 


Rock 

Ne 

( 1 0 ® ml/ g) 

A 

(10~ 5 ml/g) 

Eclogite 

6 6 

2.2 

D unite (average) 

8 6 

2 2 

Granite (average) 

6 9 

2 4 

Obsidian 

8.6 

1.8 


during the later stages of the evolution of the Earth. Russell and 
Menzel concluded that neon escaped from the atmosphere when the 
temperature still was very high. A similar conclusion was reached by 
Goldschmidt (19376), who, however, emphasized the difficulty 
caused by water vapor, a lighter gas than neon. The dissipation of 
neon would mean that water vapor has also escaped, and therefore 
the present hydrosphere would have been produced by degassing 
only after the escape of neon. 

The analyses of Lord Rayleigh (1939), however, show that notable 
amounts of neon and argon are incorporated in igneous rocks. The 
predominance of argon among these gases, just as in the atmosphere, 
does not much favor the view that an excess of primordial neon has 
been lost from the atmosphere. On the other hand. Unsold (1941) 
found neon cosmically nearly as abundant as oxygen and nitrogen 
(see Table 2.4), and therefore he concluded that the Earth’s atmos- 
phere really lost most of its neon at an early stage in its history. 

Air is the only commercial source of neon. 
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ARGON 

Argon is found in minerals and rocks, mineral waters, mine gases, 
volcanic emanations, and petroligenic natural gas. Argon is more 
soluble in water than nitrogen is, and therefore the gases dissolved 
in mineral springs may be higher in argon than the air is. According 
to the analyses collected and published by Sborgi (1942), mineral- 
spring gases contain up to 1.7 per cent A by volume, and the mine 
gases from the Stassfurt area in Germany may run as high as 16.2 per 
cent — an exceptionally high value. The content of argon in volcanic 
gases and in petroligenic natural gas is very much lower. Allen and Zies 
(1923) found that argon in volcanic gases may be of atmospheric 
origin because the A:N ratio in Katin ai gases in Alaska is similar to 
that found in the air. However, they also considered that the present- 
day ratio in the atmosphere might be similar to that existing during 
the earliest stages of the Earth. 

The analyses of Lord Rayleigh (1939) presented in Table 45.3 show 
that the argon content, like that of neon, in igneous rocks is remarka- 
bly constant. Like neon, argon is probably trapped in the structures 
of minerals. 

Argon is the most abundant of the inert gases in the atmosphere. 
The inert gases afford a good example of the strong individual fluctu- 
ations in the abundance from element- to element, discussed in chap- 
ter 2. The absolute abundance of these gases decreases continuously 
from helium to xenon by about two powers of 10 (see Fig. 2.2). How- 
ever, the behavior of argon is completely anomalous. It has three iso- 
topes — A 36 , A 38 , and A 40 — of which the main isotope, A 40 , is about 
three hundred times too abundant. The other two isotopes, on the 
other hand, would agree well with the rule. The explanation of the 
abnormally high abundance is, according to v. Weizsacker (1937a), 
that the isotope isA 40 is formed from its isobar 19K 40 , which is radio- 
active. Thereby the abundance of argon has increased enormously, 
and v. Weizsacker considers all atmospheric A 40 a product of the de- 
cay of K 40 in the lithosphere, but only after the escape of the inert 
gases from the protoatmosphere. He also attributes the terrestrial 
deficiency of the inert gases to the fact that they were unable to form 
stable chemical compounds during the astronomical periods in the 
Earth’s evolution. 

The astonishingly high terrestrial abundance of argon may also be 
explained by the use of Mattauch’s rule, as Paneth (1942) has done. 
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If two neighboring elements in the Periodic System possess isobars, 
one of the nuclides in question is almost invariably unstable and 
changes into its isobar by emitting an electron or a positron or both. 
Consequently, in the case of the isobars i S A 40 , i 9 K 40 , and 2 oCa 40 , i 9 K 40 
emits /3-particles — and thus changes into 2 oCa 40 — and also positrons, 
thereby producing i S A 40 . According to Suess (1948), only a small per- 
centage of decaying K 40 is converted into A 40 , viz., more than 0.5 per 
cent and less than 10 per cent. The major part of the A 40 formed is 
probably left occluded in the upper lithosphere. 

Goldschmidt (19376) thought that the low abundance of neon in 
the Earth’s atmosphere, as compared with argon, might possibly be 
due to the lower cosmic abundance of neon. However, according to 
Unsold (1941), the cosmic abundance of neon is rather high. It may 
be concluded that argon is probably no more abundant cosmicaliy 
than neon is. 

Argon used for industrial purposes is recovered only from air. 

KRYPTON 

Krypton is found in mineral waters, some volcanic gases, and as a 
constituent of the atmosphere. However, in the first two sources its 
content always seems to be lower than in the air. The atmosphere is 
the only industrial source of krypton. 

XENON 

Like krypton, xenon is found in gases from mineral springs, from 
volcanic emanations, and as a constituent of the atmosphere. Its 
solubility in water is greater than that of any other inert gas, with 
the exception of radon. It is isolated only from the atmosphere. 
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SHORT-LIVED RADIOACTIVE AND 
ARTIFICIAL ELEMENTS 


T HE following elements are included in the group of short-lived 
radioactive and artificial elements: (1) the “missing” elements 
technetium (Z = 43), promethium (Z = 61), astatine (Z — 85), and 
francium (Z = 87) ; (2) the short-lived members of the three heavy- 
natural radioactive series, viz., polonium ( Z = 84), radon (Z = 86), 
radium (Z = 88), actinium (Z = 89), and protactinium (Z = 91); 
and (3) the transuranium elements neptunium (Z = 93), plutonium 
(Z = 94), americium (Z = 95), and curium (Z = 96). 

The common property of all these elements is their radioactivity. 
They do not possess any stable isotopes, and some of them are known 
only as products of artificial atomic transmutation. Geochemically, 
such of these elements as are found in Nature are characterized by a 
very low abundance. The general rule, valid for the occurrence of the 
radioactive elements in Nature, is that only such nuclides are pres- 
ent which have half-lives of the same degree of magnitude as the 
length of the geological evolution of the Earth. Moreover, other ele- 
ments may be present which are formed as disintegration products 
of longer-lived nuclides. 

Terrestrial abundance values are known only for polonium, radi- 
um, actinium, and protactinium. They are calculated from the urani- 
um content of the material analyzed by applying the principles of 
radioactive equilibrium. 

Polonium, radon, radium, actinium, and protactinium are absent 
in the Sun’s atmosphere, and the presence of the other elements dis- 
cussed in this chapter is still unsettled. 

With reference to their general geochemical character, the short- 
lived members of the natural radioactive series are pronouncedly 
lithophile, with the exception of radon, which is atmophile. The 
transuranium elements evidently are also lithophile. 
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The “Missing” Elements 

The elements included in this group fill the four positions in the 
Periodic System which remained vacant for a long time, and, in spite 
of several claims, no conclusive proof has ever been presented of the 
existence of these elements in Nature. 

Seaborg (1948), when discussing the possible occurrence of tech- 
netium, promethium, astatine, and francium in Nature concludes, on 
theoretical grounds, that all the isotopes of these elements should be 
unstable. Astatine and francium are represented only by radioactive 
isotopes of too short half-life to allow- their presence in weighable 
amounts in Nature. In the case of technetium and promethium the 
theoretical deductions are less conclusive. Because stable isotopes of 
elements with odd atomic number have odd mass number, the stable 
isotopes of technetium, if they exist, must have the mass numbers 
95, 97, and 99, and the stable isotopes of promethium the mass num- 
bers 145, 147, and 149. However, Mattauch’s rule (see chap. 2) states 
that stable isobars of neighboring elements do not exist. Provided 
that this rule is valid in the region of technetium and promethium in 
the Periodic System, molybdenum (Z = 42) and ruthenium (Z = 
44) already include among their stable isotopes the mass numbers 95, 
97, and 99, and neodymium ( Z = 60) and samarium (Z = 62) the 
mass numbers 145, 147, and 149. Therefore, the conclusion follows 
that all isotopes of technetium and promethium are radioactive, and 
it is likely that they do not exist in megascopic amounts in Nature. 
However, the possibility is not wholly excluded that radioactive iso- 
topes exist which have sufficiently long half-lives or have proper 
genetic relationships with neighboring elements to be present in de- 
tectable quantities in Nature. 

Technetium 

Technetium now occupies the place in the Periodic System former- 
ly held by masurium. The technetium isotopes Tc 95 and Tc 97 are pro- 
duced from molybdenum by bombardment by neutrons or deuterons. 
The isotope Tc 99 is obtained among the fission products of uranium. 
A number of other isotopes, all unstable, are known in addition. The 
negative |8-particle-emitting isotope Tc" has a half-life of 1-10 6 
years. It is the stablest of the technetium isotopes. None of the tech- 
netium isotopes has been reported to occur in Nature, but, owing to 
the long half-life, it might be possible that traces of Tc" actually oc- 
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cur among the products of the natural fission of uranium which is 
caused by the action of neutrons of various origin. 

In its chemical properties, technetium resembles rhenium rather 
closely and to a much greater extent than it resembles manganese. 

Promethium 

Promethium is a member of the lanthanide group. The isotopes 
Pm 147 , Pm 148 , Pm 149 , and Pm 153 are known with definite certainty. 
The isotope Pm 147 has the highest half-life (3.7 years). Some of the 
promethium isotopes are produced by the irradiation of praseodymi- 
um and neodymium by helium ions, neutrons, and deuterons. The 
isotopes Pm 147 and Pm 149 are produced in the neutron-induced fission 
of uranium. The presence of promethium (illinium, florentium) in 
Nature has been claimed by earlier investigators, but no convincing 
evidence has ever been presented, and it is very likely that such in- 
formation is erroneous. Exhaustive research for promethium in Na- 
ture has yielded negative results. Ballou (1948) concludes that if 
promethium does exist in Nature, it is probably the isotope of the 
mass 145. He suggests the possibility that Nd 145 is /3-active and forms 
Pm 145 , which may be a fairly long-lived a-emitter — a fact which ex- 
plains the very low abundance or nonexistence of promethium in 
Nature. 

Chemically, promethium behaves much like neodymium. 

Astatine 

Astatine is the only halogen which does not possess stable isotopes. 
The radioactive isotope At 211 has been produced by bombarding bis- 
muth with a-particles in the cyclotron. Karlik and Bernert (1944) 
claimed that very short-lived radioactive isotopes of astatine, viz., 
At 215 , At 216 , and At 218 , formed from the a-emitters AcA, ThA, and 
RaA (Ac, Th, and Ra emanations), occur in all three natural heavy 
radioactive series. However, their evidence with reference to At 215 
still remains to be confirmed, but the other two astatine isotopes 
evidently are to be considered to occur in Nature. Along with At 211 , 
At 217 has also been artificially produced. 

The general chemical behavior of astatine is that of a metal, and 
it shows little resemblance to the other halogens, being more electro- 
positive in character than the other elements in this subgroup. Its 
chemical properties resemble the properties of polonium very closely, 
and it is, at any rate, closer to polonium than to iodine. 
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In higher animals, astatine concentrates in the thyroid gland like 
iodine. 

Francium 

A naturally radioactive isotope of francium, Fa 222 , first named 
AcK, was discovered by Perey (19S9) in the actinium family. It is 
formed from Ac 227 by a-partiele emission and has a half-life of 21 
minutes. x\no ther isotope of francium, Fa 221 , is a member of the syn- 
thetic radioactive neptunium series. x4ccording to Seaborg ( 1948 ), the 
isotope Fa 223 may also be readily obtained from uranium piles. 

Francium has the chemical properties of an alkali metal. 

THE SHORT-LIVED MEMBERS OF THE THREE 
NATURAL RADIOACTIVE SERIES 

Three natural radioactive series are known — the thorium series, 
the uranium-radium series, and the actinium series. These series are 
often called the 4n, the 4n + 2, and the 4n + 3 series, respectively, 
according to the general formula of the mass numbers of the member 
nuclides. The artificial 4n + 1 series is also known; it is called the 
neptunium series, according to Np 237 , the long-lived parent-isotope. 
Moreover, an artificial branch of the U-Ra series is known, called the 
protactinium series after Pa 230 , which is its first member. The pro- 
tactinium isotopes Pa 227 and Pa 228 are the parent-elements in the ar- 
tificial collateral branches of the actinium and thorium series, re- 
spectively, but it is possible that progenitors with a higher atomic 
number exist in these collateral series (Ghiorso, Meinke, and Sea- 
borg, 1948). 

Polonium, radon, radium, actinium, and protactinium are mem- 
bers of the three natural radioactive series. Consequently, they result 
partly from the radioactive decay of uranium and partly from the 
decay of thorium. Therefore, all these elements follow uranium and 
thorium in the meteorite phases and in igneous rocks. Geochemically, 
thorium and uranium are pronouncedly lithophile elements, which 
become enriched in silicate meteorites and in igneous rocks of the 
upper lithosphere. Like thorium and uranium, the radioactive ele- 
ments discussed are strongly enriched during the last stages of mag- 
matic crystallization, and their highest concentration takes place in 
pegmatites and in pneumatolytic and hydrothermal rocks which are 
rich in thorium and uranium. 

In igneous rocks the main seats of radioactivity are the micas mus- 
covite and biotite, zircon, allanite, and sphene. Somewhat less radio- 
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activity is attributed to magnetite, apatite, and rutile. According to 
Goodman and Evans (1941), the radioactivity of the ferromagnesium 
minerals, in general, is higher than the radioactivity of the salic con- 
stituents. The higher activity may be due to inclusions of zircon, 
allanite, and sphene. Hutton (1947) found that zircon in some 
granites is not radioactive, whereas monazite and xenotime in the 
same rocks are strongly radioactive. The radioactivity of zircon is 
due to small amounts of thorium diadochically replacing zirconium 
in the structure. 

R. J. Strutt (Lord Rayleigh) observed, in 1905, that the radioac- 
tivity of igneous rocks increases with their silica content. It has also 
been reported that radioactivity increases with the content of potas- 


TABLE 46.1 

Abundance of Polonium, Radium, Actinium, and Protactinium 


Material 

Po 

Ra 

Ac 

Pa 

g/ton 

Meteoritic iron 

0. 00001 *KT 6 

0 03* 10 -6 

0 00001- 10-' 

0.02-10 -6 

Silicate meteorites .... 

0. 00003 *10“ 6 

0 12* IQ" 6 

0. 00003 *I0“ 6 

0 08*10-® 

Igneous rocks 

i 

0.0003* 10 -6 

1 .3*10 -6 

0 0003*10~ e 

0.8-10" 6 


sium. However, Barth (1938) found no correlation between radioac- 
tivity and the content of FeO and K 2 0 in Finnish granites, but a cor- 
relation was present between radioactivity and the content of biotite. 

In sediments and their derivatives the principal loci of radioactivi- 
ty are the heavy minerals of sands and sandstones, potassium-bear- 
ing micas and their alteration products and other potassium-bearing 
minerals, evaporates, brines connected with petroleum, and sedi- 
ments of colloidal deposition (Beers and Goodman, 1944). The con- 
tent of organic matter in shales correlates with the content of urani- 
um and thorium. According to Beers (1945), black shales rich in or- 
ganic matter are strongly radioactive, and excellent correlation exists 
between the uranium content, the Th:U ratio, and the carbon con- 
tent of shales. 

The amount of radioactive matter in the Earth’s crust is steadily 
decreasing. If the length of the geological evolution of the Earth is 
assumed to be 2,000 *10 6 years, the content of uranium has decreased 
by 23 per cent, that of thorium by 7.5 per cent, that of actinium by 
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more than 99 per cent, and that of the radioactive potassium isotope 
K 40 by 64 per cent (Miholic, 1947). 

The abundance of polonium, radium, actinium, and protactinium 
is presented in Table 46.1. The values are those given by Gold- 
schmidt (19376), with the exception of the actinium content of igne- 
ous rocks, which is the value presented by Hevesy (1932). The 
uranium abundance 4 g/ton in igneous rocks is the basis of the calcu- 
lations. Radium is the most abundant among the elements listed In 
Table 46.1. 

Polonium 

Naturally radioactive isotopes of polonium occur in all the three 
heavy radioactive series. Artificial isotopes are known, in addition. 
Polonium occurs in all uranium minerals. The longest-lived of the 
natural isotopes is Po 210 (RaF), with a half-life of 140 days. The exist- 
ence of an artificial isotope, Po 208 , with a half-life of 3 years is prob- 
able. 

Radon 

The isotope Rn 222 is the immediate result of the radioactive decay 
of radium. It has a half-life of nearly 4 days. It is usually mixed with 
its short-lived isotopes Rn 219 or actinon (An) and Rn 220 or thoron 
(Tn), which are produced in the decay of the radium isotopes be- 
longing to the actinium and thorium families. 

Radon has the properties of an inert gas. It is typically atmophile 
and escapes from rocks into the atmosphere or is dissolved in ground 
water and in thermal waters. In addition, radon tends to concentrate 
in petroleum and is the most important of the radioactive elements 
found therein. Most of the radium contained in petroleum has been 
dissolved from the surrounding sedimentary rocks. 

The content of radon in dry air is 4.52 -IQ- 17 per cent by weight. 

Radium 

Radium is the most important short-lived natural radioactive 
element. Four natural radioactive isotopes are known, viz., Ra 223 
(AcX), Ra 224 (ThX), Ra 226 , and Ra 22S (MsThi). The Ra 226 isotope has 
the highest half-life, viz., 1,590 years. The isotope Ra 220 is artificial. 

The accompanying table gives the average radium content in the 
various groups of the igneous rocks. 

A comparison with Table 46.1 shows that the radium content in 
stony meteorites is a little less than that In basic igneous rocks. 

During weathering, the radioactive elements may become sepa- 
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rated from their parent-elements as a result of the differences in their 
chemical behavior. Therefore, radium, which resembles the alkaline- 
earth metals chemically, is partly transported into the ocean. A little 
radium is present in sea water, but, in general, radium is strongly de- 
pleted therein. The explanation of the conspicuous lack of radium 
compared with the considerably higher content of uranium is that the 
bulk of thorium — among others, the isotope Th 230 , or ionium, which 
is the immediate parent of radium — is precipitated by adsorption on 
ferric and manganic hydroxide. Thus the bulk of ionium formed from 
uranium is removed from solution, and only the small part which re- 
mains decays to produce radium (Foyn, Karlik, Pettersson, and 
Rona, 19S9; Pettersson, 1939). According to Piggot and Urry (1941), 
the precipitation of uranium is, furthermore, prevented by the car- 
bonate ions present in solution. It has also been claimed that radium 


Material fe/^u) 

Ultrabasic igneous rocks (calculated from Davis, 

1947) 0 009- 10- 6 

Basic igneous rocks (Evans, Goodman, and Keevil, 

1942) 0.C-10- 6 

Intermediate igneous rocks (Senftle and Keevil, 

1947) 0 917- 10- 6 

Granitic rocks (Senftle and Keevil, 1947) 1 395 • 10~° 


is removed from the sea by chemical and biological extraction in the 
surface layer, e.g., by incorporation into calcareous structures; but 
these processes, according to Foyn, Karlik, Pettersson, and Rona, 
are of minor importance. However, because the solubility of radium 
carbonate is much lower than the solubility of calcium carbonate, it 
might be possible that a slight increase in the Ra : Ca ratio takes place 
during the biological extraction of the two metals from sea water. 
Moreover, submarine volcanic activity may release hydrochloric 
acid, which dissolves calcium from the calcareous shells and there- 
fore causes a selective enrichment of radium. Consequently, it is like- 
ly that the abyssal radium is partly igneous, partly biological in 
origin. 

It is generally claimed that the deep-sea sediments are particular- 
ly rich in radium. However, Pettersson (1943) pointed out that the 
red clay and the Olobigerina ooze are not higher in radium than the 
more active granites are. On the other hand, the manganese nodules, 
like the manganese-rich lake and bog iron ores, are rich in radium and 
may contain as much as 135 -10- 6 g/ton Ra in their surface layer. 
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According to Pettersson, there is a very sharp decline of the radium 
content in the inner layers of the nodules, caused by the fact that 
radium, unsupported by its parent-element ionium, has accompanied 
manganese in the nodules. Both manganese and radium come from 
the red clay which represents the remains of the Olobigerina ooze 
after the dissolution of calcium carbonate. The average radium con- 
tent of sedimentary rocks is given in the accompanying table. 

Material , 

(g, ton) 

Sandstones (Bell, Goodman, and Whitehead, 1940) . 0 7X*10 -6 

Shales (Bell, Goodman, and Whitehead, 1940) 1 .08* 1Q~ 5 

Limestones (Evans and Goodman, 1941) 0 .42* 10~ 6 

According to Beers and Goodman (1944), quartz sands and lime- 
stones often contain less than 0.1 •10 -6 g/ton Ra. In the resistates 
the average radium content is low T er than the average for all igneous 
rocks. On an average, the limestones are lower in radium than the 
sandstones are, but their radium content is more constant than the 
content in sandstones. Limestones containing admixed argillaceous 
material are higher in radium than are pure limestones. In shales the 
radium content is fairly constant. 

The content of radium is low in crude oil but high in the brines as- 
sociated with petroleum. According to Bell, Goodman, and White- 
head (1940), the average radium content of crude oil is 0.018 *10~ 6 
g/ton Ra. Some of the radium in the brines is the result of leaching 
from surrounding rocks and from source sediments, but another part 
is due to the content of radioactive elements in the organic matter 
converted into petroleum. Radium is enriched in phytoplankton and 
in many other aqueous organisms. In living diatoms the radium con- 
tent may be one thousand times as high as in sea water. However, 
the biological role of radium, if any, is still unknown. 

Radium is present in many mineral waters, which have extracted 
it from the surrounding rocks. 

The radium ores are the same as the uranium ores (see chap. 30). 
Uraninite, first mined at Jachymov (Joachimstal) in Czechoslovakia, 
is the principal ore mineral of radium. The largest deposits are found 
in the vicinity of the Great Bear Lake in Canada. 

Actinium 

The isotopes Ac 227 and Ac 228 are naturally radioactive. The half-life 
of Ac 227 is 13.5 years. The isotope Ac 225 has been prepared artificially. 

Actinium is found in all uranium ores but always in very low con- 
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centrations. It shows considerable chemical similarity with the lan- 
thanides. The actinide series of elements, similar to the lanthanide 
series, will be discussed under the transuranium elements. 

Protactinium 

Protactinium is the immediate parent of actinium. Two naturally 
radioactive isotopes are known, viz., Pa 231 , with a half-life of 3.2 -10 4 
years, and Pa 234 . The isotope Pa 233 has been artificially prepared. 
Chemically, protactinium resembles thorium, zirconium, and hafni- 
um. 

Evans, Hastings, and Schumb (1939) found 0.46 *10~ 6 g/ton Pa 
in a granite and 0.035 «10~ 6 g/ton in a stony meteorite. 

THE TRANSURANIUM ELEMENTS 

Sir John Cockcroft and E. Walton in 1931 were the first to accom- 
plish an artificial nuclear disintegration. More than 450 induced 
radioactivities are now known, and every element in the Periodic 
System of atomic number from 1 to 96, inclusive, has at least one 
radioactive isotope. They include the transuranium elements, of 
which four, viz., neptunium, plutonium, americium, and curium, are 
already known. All the transuranium elements are artificially pro- 
duced from uranium, either directly or indirectly. 

The existence of a series of transuranium elements was predicted 
by Niels Bohr as early as 1922 from theoretical considerations. Gold- 
schmidt (1937c), in a theoretical discussion on the different possibili- 
ties of the existence of a transuranium series of elements, considered 
a series of quadripositive thorides following thorium more probable 
than a series of tripositive actinides following actinium. However, 
according to Zachariasen (1948), there actually exist two prominent 
valence states of the heavy elements. Actinium, uranium, neptuni- 
um, plutonium, and americium form tripositive ions; and thorium, 
protactinium, uranium, neptunium, plutonium, and americium form 
quadripositive ions. Therefore, one should speak of a series of tri va- 
lent actinides and of another series of quadrivalent thorides. The con- 
tinual decrease in the ionic size of these metals, predicted by Gold- 
schmidt (1937c), is actually observed, according to Zachariasen, and 
the actinide and thoride contractions are analogous to the lanthanide 
contraction of the rare-earth elements. Goldschmidt, further, sug- 
gested that the actinides might occur in Nature in the company of 
the cerium-earth metals, particularly with neodymium and samari- 
um, owing to the similarity of the ionic size. The thorides, on the 
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other hand, would be present in minerals of quadrivalent thorium 
and uranium, and the higher members of the series would occur in 
zirconium minerals or in minerals containing quadrivalent cerium. 
Still another possibility would be the capture of the thorides in the 
yttrium-earth minerals, in which thorium is known to become con- 
centrated, and in calcium minerals. As a matter of fact, quadrivalent 
thorium and uranium occur in some fluorites. Goldschmidt ( 1942 ) 
saw no support for the assumption that elements with atomic number 
higher than 92 should have too short half-lives to allow T their presence 
in Nature. 

The metals following actinium in the Periodic System form a tran- 
sition series of elements in which the inner 5/ electron shell is being 
filled in a similar manner as the inner 4/ shell in the lanthanide series 
(see chap. 18). Chemically, many of the members of this succession 
of elements resemble the lanthanides rather closely. Thus, for in- 
stance, americium and curium are quantitatively carried by the 
lanthanide fluorides and are separated from the lanthanides only 
with difficulty. 

It is possible that other transuranium elements which have atomic 
numbers greater than 96 may be artificially produced. According to 
Seaborg (1948), it is probable that the longest-lived isotopes of the 
elements 97 and 98 will have mass numbers as high as 247 and 248, 
and still higher. 

Neptunium 

Neptunium was the first transuranium element to be discovered. 
Irradiation of uranium by neutrons leads to the production of the 
isotope Np 239 from U 239 , its immediate parent. Another isotope, 
Np 237 , is produced by bombarding uranium with fast neutrons and 
is a result of decay of U 237 . The half-life of Np 237 , the longest-lived 
isotope, is 2.25 -10 6 years. Four other neptunium isotopes are known, 
in addition. 

According to Seaborg (1945), there will be some neptunium in the 
upper lithosphere, but its content will be less than that of plutonium. 
It is formed from uranium by the action of neutrons of various 
origin. 

Neptunium is similar in chemical properties to uranium. 

Plutonium 

The second transuranium element discovered was plutonium. Its 
first-discovered isotope is Pu 238 , which has a half-life of 50 years and 
results from U 238 by deuteron bombardment. The isotope Pu 239 , with 
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a half-life of £4,100 years, is a decay product of Np 239 . It is the most 
important among the plutonium isotopes because it undergoes fission 
when bombarded with slow neutrons. It is now being produced in in- 
dustrial amounts. The isotope Pu 241 is also known; it has a long half- 
life. 

Goldschmidt (194®) predicted the presence of plutonium in beryl- 
lium-bearing uranium minerals as a result of neutron bombardment. 
The prediction was fulfilled when very small amounts of plutonium 
were found in pitchblende of the Great Bear Lake region in Canada and 
in carnotite (Seaborg and Perlman, 1948; Seaborg, 1948). The upper 
limit of the plutonium content is 0.001-0.01 g/ton, and the most 
probable value, for Pu 239 , is 10~ 9 g/ton. According to Seaborg and 
Segre (1947), Pu 239 is present in pitchblende, in spite of its relatively 
short half-life, probably because it is continually formed by the ab- 
sorption in XT 238 of neutrons from various sources. Neutrons are al- 
ways available for this purpose. 

The chemical properties of plutonium resemble those of uranium 
and neptunium. The first pure compound of plutonium was prepared 
by B. B. Cunningham and L. B. Werner in the United States in 194£. 
That year, therefore, marks the first isolation of a compound of an 
artificially produced isotope of any element. 

Americium 

Americium was the fourth transuranium element which was dis- 
covered. The isotope Am 241 results from the bombardment of U 238 
with very high-energy helium ions. The plutonium isotope Pu 241 is 
formed first, and it decays into Am 241 . The half-life of Ain 241 is 500 
years. The short-lived (18 hours) isotope Am 242 is also known. 

Seaborg (1945) concludes that some americium and curium are 
present in the Earth’s crust but that their content is still lower than 
the content of neptunium. According to Seaborg and Segre (1947), 
they are formed from uranium by neutrons of various origin. 

Curium 

Curium was the third transuranium element to be discovered. The 
isotope Cm 242 is formed by a-particle bombardment from Pu 239 or by 
neutron irradiation from Am 241 . Its half-life is 150 days. The half-life 
of the other known isotope of curium. Cm 240 , is 30 days. 

The occurrence of curium in Nature was discussed under ameri- 
cium. 
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(a) THE PERIODIC SYSTEM 
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(b) THE PERIODIC TABLE 
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APPENDIX 2 

ATOMIC WEIGHTS FOR 1948 


O = 16 0000 
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Element 

Symbol 

Atomic Weight 

13 
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A1 
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51 . 
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Sb 
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18 .... 
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A 
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As 
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5 
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z 

Element 

Symbol 

Atomic Weight 
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APPENDIX 3 

ATOMIC AND IONIC RADII OF THE ELEMENTS 


The atomic radii are half the closest approach of the atoms. The ionic radii are those for 
6-fold co-ordination. All values are given in kX. 

(0.47) : theoretical value; [1.00]: value based on a radius of 1.40 kX for O 2- 
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~0.4 

Pb !+ 

1.32 

Re 

1 33 

Ta 54 * 

0.68 



Pb 4+ 

0.84 

Ru 4+ 

0.65 



W 

1.36 





Tb 

1.77 

W 4+ 

0.68 

Pd 

1 37 

S 2 ‘ 

1.74 

Tb 3 - 

1.09 



Pd 4+ 

0.50 

S 

1.04 



Xe 

2.20 



S 6+ 

0.34 

Tc 




Pm 






Y 

1.81 

Pm 3+ 

1(0.98)] 

Sb 

1.45 

Te* 

2.11 

ys+ 

1.06 



Sb 3+ 

0.90 

Te 

1.43 



Po 

1.41 

Sb 5 * 

(0.62) 

Te 4+ 

0.89 

Yb 

1.93 





Te G+ 

(0.56) 

Yb 2+ 

1.03 

Pr 

1 82 

Sc 

1.51 


Yb 34 - 

1.00 

Pr 3+ 

1.16 [1.00] 

Sc 34 - 

0.83 

Tb 

1.80 



Pr 44 " 

1 00 



Th 3+ 

[1.08] 

Zn 

1.33 



Se 2 " 

1.91 

Th 4+ 

1.10 [0.95] 

Z n* 

0.83 

Pt 

1.38 

Se 

1.16 




Pt 4+ 

0 52 

Se 6+ 

0.3-0. 4 

Ti 

1.46 

Zr 

1.56 





Ti 3+ 

0.69 

Zr 44 * 

0.87 

Pu 


Si 4 ~ 

1.98 

Ti 4+ 

0.64 



p u 3+ 

[1 01] 

Si 

1.17 





Pu 4+ 

[0 86] 

Si 4+ 

0.39 

T1 

1.70 







Ti+ 

1.49 



Ha 


Sm 

~1.S5 

T13+ 

1.05 



Ra 2+ 

1 52 

Sm 34 * 

1.13 [0.97] 

Tm 

1.74 



Rb 

2.43 



Tm 34 * 

1.04 



Rb + 

1.49 
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APPENDIX 5 


GEODETIC AND OTHER TERRESTRIAL DATA 


Equatorial radius of the Earth (Birch, Schairer, 

and Spicer, 1942) 

Polar radius of the Earth (Birch, Schairer, and 

Spicer, 1942) 

Average radius of the Earth (Birch, Schairer, 

and Spicer, 1942) 

Volume of the Earth (Birch, Schairer, and Spi- 
cer, 1942) 

Average density of the Earth (Birch, Schairer, 

and Spicer, 1942) 

Mass of the Earth (Birch, Schairer, and Spicer, 
1942) 

Average density of the upper lithosphere (Base- 
ment Complex in Finland) (R. A. Daly in 

Birch, Schairer, and Spicer, 1942) 

Area of surface of the Earth (Birch, Schairer, 

and Spicer, 1942) 

Area of surface of dry land (Kossinna, 1921) . . 

Area of surface of dry land (Kalle, 1943) 

Area of surface of the oceans (Kossinna, 1921) . 
Area of surface of the oceans (Kalle, 1943) . . . 

Volume of the oceans (Kossinna, 1921) 

Volume of the oceans (Kalle, 1943) 

Mass of the oceans (chap. 6) 

Mass of the oceans (Kalle, 1943) 

Mass of the atmosphere, minimum (Hum- 
phreys, 1940) 

Mass of the atmosphere (Kalle, 1943) 


6,378.388 km 

6,356.912 km 

6.371-10 8 cm = 6 , 371 km 

1 . 083 • 10 27 cm 3 = 1 . 083 • 10 12 km 3 

5 .517 g*cm” 3 

5.977-10 27 g = 5.977*10 21 tons = 
5.977-10 7 Gg 


2 .705 g*em“ 3 

5 . 101 • 10 18 cm 2 = 510 . MO 6 km 2 
148.892-10 6 km 2 

1 . 4894 • 10 18 cm 2 = 148 . 94 • 10° km 2 
361. 059- 10 6 km 2 

3 6116* 10 18 cm 2 = 361 .16*10 6 km 2 
1,370 323* 10 6 km 3 
1 .3722- 10 24 cm 3 = 1 , 372.2* 10 6 km 3 
14 , 060* 10 20 g = 14,060 Gg 
14,220* 10 20 g = l .422* IQ 18 tons II 
14,220 Gg 

51,300,000*10 u kg = 5 .13*10 1G 

tons — 51 .3 Gg 

— 5 . 098* 10 21 g ~5 .098* 10 15 tons 
-50.98 Gg 
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APPENDIX 6 


GRAVIMETRIC CONVERSION FACTORS 


Element 

Found 

Sought 

Factor 

Aluminum 

A1 

AI 2 O 3 

1.88988 


A1 2 0 3 

A1 

0,52913 

Antimony 

Sb 

Sb 20 3 

1.19711 


Sb 

Sb 2 0 5 

1 32852 


Sb 2 0 3 

Sb 

0.83535 


Sb 2 0 5 

Sb 

0.75272 

Arsenic. ... 

As 

AS 203 

1.32038 


As 

As 2 0 5 

1.53400 


As 2 0 3 

As 

0.75736 


As 2 0 5 

As 

0 65190 

Barium . 

Ba 

BaO 

1.11648 


BaO 

Ba 

0 89567 

Beryllium 

Be 

BeO 

2 77384 


BeO 

Be 

0 36051 

Bismuth 

Bi 

B 12 O 3 

1.11483 


Bi 2 0 3 

Bi 

0 89700 

Boron 

B 

B 2 0 3 

3.21811 


B 2 0 3 

B 

0.31074 

Cadmium . ... 

Cd 

CdO 

1.14234 


CdO 

Cd 

0 87540 

Calcium . 

Ca 

CaO 

1 39920 


Ca 

CaC0 3 

2.49726 


CaO 

Ca 

0 71469 


CaO 

CaCOs 

1 78477 


CaC0 3 

Ca 

0 40044 


CaC0 3 

CaO 

0 56030 

Carbon 

C 

CO 2 

3.66445 


c 

CaC0 3 

8 33388 


co 2 

C 

0.27289 


CaC0 3 

C 

0 11999 


CaC0 3 

C0 2 

0.43970 

Cerium. . . 

Ce 

Ce0 2 

1 22836 


Ce 

Ce 2 0 3 

1 17127 


Ce0 2 

Ce 

0 81409 


CeOe 

Ce 2 O s 

0 95352 


Ce 2 0 3 

Ce 

0 . 85377 


Ce 20 3 

CeOa 

1 04S74 

Cesium 

Cs 

CsjO 

1 06020 


CsoO 

Cs 

0 94323 

Chlorine ... 

Cl 

HC1 

1 02843 


HC1 

Cl 

0 97236 

Chromium 

Cr 

Cr 2 0 3 

1.46X45 


Cr 2 0 3 

Cr 

0.68425 

Cobalt 

Co 

CoO 

1.27146 


Co 

C 03 O 4 

1.36195 


CoO 

Co 

0.78650 


CoO 

C 03 O 4 

1.07117 


C 03 O 4 

Co 

0.73424 


Co 3 04 

CoO 

0.93356 
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APPENDIX 6 — Continued 


Element 

Found 

Sought 

Factor 

Columbium . . 

Cb 

Cb 2 Os 

1 43052 


Ob oOfi 

Cb 

0.69904 

Copper . 

Cu 

CuO 

1 25181 


CuO 

Cu 

0 79884 

Dysprosium 

Dy 

Dy 2 0 3 

1 14773 


Dy 2 O a 

Dy 

0 87129 

Erbium. . 

Er 

Er 2 0 3 

1 14354 


Er 2 0 3 

Er 

0 87448 

Europium . 

Eu 

Eu 2 Os 

1 15789 


EU 2 O 3 

Eu 

0 86364 

Fluorine . 

F 

HF 

1 05305 


F 

CaF 2 

2 05474 


HF 

F 

0 94962 


CaF 2 

F 

0 48668 

Gadolinium . 

Gd 

Gd 2 0 3 

1 . 15296 


Gd 2 0 3 

Gd 

0 86733 

Gallium . . 

Ga 

Ga 2 G 3 

1 34423 


Ga 2 0 3 

Ga 

0 74392 

Germanium . . . 

Ge 

Ge0 2 

1 44077 


GeG 2 

Ge 

0.69407 

Gold .. . 

Au 

Au 2 0 

1 04057 


Au 

Au 2 0 3 

1 12170 


Au 2 0 

Au 

0 96101 


Au 2 0 

Au 2 0 3 

1 07797 


Au 2 0 3 

Au 

0 89150 


Au 2 0 3 

Au 2 0 

0 92767 

Hafnium . . . . .... 

Hf 

HfOa 

1.17917 


Hf0 2 

Hf 

i 0 84805 

Holmium . . 

Ho ! 

Ho 2 0 3 

1 14551 


H 02 O 3 

Ho 

0 87298 

Hydrogen . 

H 

h 2 o 

8 93651 


H 2 0 

H 

0.11190 

Indium 

In 

ln 2 0 3 

1 20913 


ln 2 0 3 

In 

0.82704 

Iridium 

Ir 

Ir0 2 

1 16572 


Ir0 2 

Ir 

0 . 85784 

Iron 

Fe 

FeO 

1 . 28648 


Fe 

Fe 2 0 3 

1.42972 


FeO 

Fe 

0.77731 


FeO 

Fe 2 0 3 

1.11134 


Fe 2 0 3 

Fe 

0 69944 


Fe 2 0 3 

FeO 

0.89981 

Lanthanum ... 

La 

La 2 0 3 

1 17276 


La 2 0 3 

La 

0 85269 

Lead .... 

Pb 

PbO 

1 07722 


Pb 

Pb0 2 

1 . 15443 


PbO 

Pb 

0 92832 


PbO 

Pb0 2 

1.07168 


PbO, 

Pb 

0 86623 


PbO, 

PbO 

0.93311 

Lithium 

Li 

Li 2 0 

2.15274 


Li 2 0 

Li 

0.46452 

Lutecium 

Lu 

Lu 2 0 3 

1 13715 


Lu 2 0 3 

Lu 

0 87939 

Magnesium 

Mg 

MgO 

1.65789 


MgO 

Mg 

0.60317 

Manganese 

Mn 

MnO 

1.29128 


Mn 

Mn0 2 

1 58256 


Mn 

Mn 2 0 3 

1 43692 


MnO 

Mn 

0 77443 


MnO 

Mn0 2 

1.22557 


MnO 

Mn 2 0 3 

1.11279 
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APPENDIX 6 — Continued 


Element 

Found 

Sought 

Factor 

Manganese — Continued 

Mn 02 

Mn 

0 63189 

MnG 2 

MnO 

0 SI594 


MnOa 

Mn 2 03 

0 90797 


Mn 2 0 3 

Ain 

0 69593 


Aln 2 C >3 

AlnO 

0.89864 


Mn 2 Os 

AInG 2 

1 10136 

Mercury . . 

Hg 

HgO 

1 07976 


HgO 

Hg 

0 92613 

Molybdenum 

Mo 

AIoOs 

1 50026 

Mo0 3 

AIo 

0 66655 

Neodymium . . . 

Nd 

Nd 2 O s 

1 16635 

Nd 2 0 3 

Nd 

0 85737 

Nickel ... 

Ni 

NiO 

1 27262 


NiO 

Ni 

0 78578 

Nitrogen. . 

N 

N.O 

1 57110 

N 

N 2 O 5 

3 85551 


N 

NHs 

1 21588 


NoO 

N 

0 63650 


N 2 0 5 

N 

0 25937 


nh 3 

N 

0 82245 

Osmium . . . 

Os 

Os0 4 

1.33649 


QsO* 

Os 

0 74S2S 

Oxygen 

0 

HoO 

1 12600 

H 2 0 

O 

0 88810 

Palladium. . 

Pd 

PdO 

1 14995 


PdO 

Pd 

0 86960 

Phosphorus . . . 

P 

P 2 O 5 

P 2 O 5 

P 

2 29116 

0 43646 

Platinum . . 

Ft 

Pt0 2 

1.16391 

pto 2 

Pt 

0 85917 

Potassium . 

K 

EAO 

1 20462 

k 2 o 

K 

0 83013 

Praseodymium 

Pr 

Pr 2 0 3 

1 17031 

Pr a O a 

Pr 

0 85447 

Rhenium . . 

Re 

Re 2 07 

1 30057 

Re 2 C>7 

Re 

0 76889 

Rhodium 

Rh 

Rh 2 O s 

1 23321 

RhoO 3 

Rh 

0 81089 

Rubidium . . 

Rb 

Rb 2 0 

1.09359 

RboO 

Rb 

0 91442 

Ruthenium ... 

Ru 

Ru0 2 

1 31465 

Ru0 2 

Ru 

0 76066 

Samarium . . .... 

Sm 

Sm 2 0 3 

1 15954 

Sm 2 0 3 

Sm 

0 86241 

Scandium 

Sc 

SC 2 O 3 

1 53215 

Sc 2 0 3 

Sc 

0 65268 

Selenium. ... - - - 

Se 

SeOs 

1 40527 

Se 

SeO s 

1.60790 


Se0 2 

Se 

0 71161 


Se0 2 

SeOa 

1 . 14420 


Se0 3 

Se 

0.62193 


Se0 3 

Se0 2 

0.87398 

Silicon .... 

Si 

SiO-2 

2 14041 

Si0 2 

Si 

0 46720 

Silver ■ • 

Ag 

Ag>0 

1 07416 

Ag 2 0 

Ag 

0 . 93096 

Sodium .... 

Na 

Na 2 G 

1.34787 

Na 2 Q 

Na 

0.74191 

Strontium 

Sr 

SrO 

1.18259 


SrO 

Sr 

0.84560 
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Element 

Found 

Sought 

Factor 

Sulfur. . . . 

s 

so. 

1 99794 


s 

so 3 

2 49691 


so 2 

s 

0 50052 


so 2 

so 3 

1.24974 


S0 3 

s 

0 40049 


S0 3 

so 2 

0.80016 

Tantalum. . 

Ta 

Ta/)r, 

1.22114 


Ta 2 05 

Ta 

0 81891 

Tellurium . . 

Te 

Te0 2 

1.25076 


Te0 2 

Te 

0.79951 

Terbium. . . 

Tb 

Tb 2 0 3 

1 . 15075 


Tb 2 0 3 

Tb 

0.86900 

Thallium ... 

T1 

T1 2 0 

1 .08914 


T1 

T1 2 0 3 

1.11742 


TloO 

Tl 

0.96233 


ti 2 o 

tl 2 o 3 

1 07533 


ti 2 o 3 

Tl 

0 89492 


Tbos 

TbO 

0.92994 

Thorium. . 

Th 

ThOs 

1 13786 


Th0 2 

Th 

0 87884 

Thulium. . 

Tm 

Tm 2 0 3 

1 14168 


Tm 2 0 3 

Tm 

0 87590 

Tin 

Sn 

SnO 

1 . 13479 


Sn 

Sn0 2 

1.26959 


SnO 

Sn 

0 88122 


SnO 

Sn0 2 

1 . 11878 


SnC >2 

Sn 

0.78766 


Sn0 2 

SnO 

0.89383 

Titanium 

Ti 

Ti0 2 

1.66806 


TiCh 

Ti 

0.59950 

Tungsten 

W 

W0 3 

1.26098 


W0 3 

W 

0.79303 

Uranium 

U 

U0 2 

1 . 13441 


U 

UOs 

1.20162 


uo 2 

u 

0.88151 


uo 2 

uo 3 

1 05924 


uo 3 

1 XJ 

0.83221 


uo 3 

uo 2 

0 94407 

Vanadium 

V 

v 2 o 3 

1 47105 


V 

v 2 0 6 

1.78508 


v 2 0 3 

V 

0.67979 


v 2 o 3 

V 205 

1.21348 


V 205 

V 

0.56020 


v 2 0 6 

v 2 0 3 

0.82408 

Ytterbium 

Yb 

Yb 2 0 3 

1 . 13870 


Yb20 3 

Yb 

0.87820 

Yttrium 

Y 

y 2 o 3 

1.26991 


y 2 o 3 

Y 

0.78746 

Zinc 

Zn 

ZnO 

1.24472 


ZnO 

Zn 

0 80339 

Zirconium 

Zr 

Zr0 2 

1.35080 


Zr0 2 

Zr 

0.74030 
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APPENDIX 7 


VARIOUS WAYS OF EXPRESSING CONCENTRATION OR CONTENT, 
COMMONLY USED IN GEOCHEMICAL CALCULATIONS 


COMPARISON OF METRIC MASS UNITS 



7 

mg 

g 

kg 

ton 

Gg 

7 

1 

l 0 -3 

KT 6 

1(T 9 

10-“ 

10-^6 

mg 

10 3 

l 

10“ 3 

10" 6 

10" 9 

IQ-23 

g. 

10 6 

10 3 

1 

10-3 

10“ 6 

10-20 

kg . 

10 9 

10 6 

10 3 

1 

1CT 3 

10-« 

ton. 

10“ 

10 9 

10 6 

10 3 

1 

10-11 

Gg. . 

1026 

10 23 

10 20 

10 17 

10 14 

1 


SUM OF THE CONSTITUENTS IS 1 


Concentration in 


10 n 

g/ton 

10" 1 ... . 

100,000 

10 5 

10~ 2 .. 

10,000 

10 4 

10 - 3 . . 

1,000 

10 3 

10 - 4 .. 

100 

10 2 

10 - 5 . . . 

10 

10 1 

10-". .... 

1 

10° 

10- 7 

0.1 

10-1 

10 ~ 8 . . 

0.01 

10~ 2 

10 - 9 . . . 

0 001 

10-3 

10- 10 

0 0001^ 

10- 4 

KT 11 

0.00001 

10- 5 


Concentration in 


7/s 

7/100 g 

7/kg 

g/ton 

1,000 

10 3 

100,000 

I 0 5 

1,000,000 

10® 

1,000 

10 3 

100 

10 2 

10,000 

10 1 

100,000 

10 5 

100 

10 2 

10 

10 1 

1,000 

10 3 

10,000 

10 4 

10 

w 

1 

10° 

100 

10 2 

1,000 

10 3 

1 

10° 

0.1 

10” 1 

10 

10 l 

100 

10 2 

0.1 

IQ -1 

0.01 

10 -2 

1 

10° 

10 

10 1 

0.01 

lir 2 

0.001 

10- 3 

0.1 

I 0- 1 

1 

10° 

0.001 

10- 3 

0.0001 

10- 4 

0.01 

10~ 2 

0.1 

ur 1 

0.0001 

10 -4 

0.00001 

10- 5 

0.001 

I 0” 3 

0.01 

10- 2 

0.00001 

10“ 5 
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Concentration in 


s/s 

g/ton 

ur 1 . . . 

100,000 

1() 5 

10- 2 . . 

10,000 

10 1 

10~ 3 . . 

1,000 

10 s 

1( T 4 . . 

100 

10 2 

10 -6 . . 

10 

10 1 

10" 6 . . 

1 

10° 

10~ 7 . . . 

0.1 

10- 1 

10~ 8 . . . 

0.01 

10-2 

i ( r 9 . . . 

0.001 

10- 3 

lO - io . 

0.0001 

10" 4 

10” 11 . . . 

0 00001 

OCT 5 

ltr 12 . . . 

0 000001 

KT 8 

10~ 13 . . 

0 0000001 

10-’ 

io -“. 

0 00000001 

10-8 


Concentration in 


Per Cent 

Parts per Thousand 

Paris per Million oi 
mg/kg or g/ton 

100 

10 2 

1,000 

10 3 

1,000,000 

: 

io 6 

10 

10 1 

100 

10 2 

100,000 

10 s 

1 

10° 

10 

10 1 

10,000 

10 1 

0 1 

10" 1 

1 

10° 

1,000 

10 3 

0.01 

10-2 

0.1 

10" 1 

100 

10 2 

0.001 

10~ 3 

0 01 

10" 2 

10 

10 1 

0 0001 

l ( r 4 

0 001 

10“ 3 

1 

10° 

0 00001 

10~ 5 

0.0001 

10-> 

0 1 

10" 1 

0 000001 

10“ 6 

0 00001 

lo -5 

0 01 

1()” 2 

0.0000001 

10- 7 

0 000001 

10“° 

0.001 

10-* 

0.00000001 

10“ 8 

0 0000001 

10-» 

0.0001 

10” 4 
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atmospheres 373 
Asthenosphere 80, 82 
Aston’s rule 62 
Astragalus 335, 74S 
Astragalus racemosus 748 
Astrakanite 434 
Astronomical time 70, 385-S6 
Astrophyllite 181, 562, 607, 644 
Atacama Desert, composition of caliche 220 
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Ataxites 23-24 
Atlantic Ocean 

arsenic content in bottom sediments 741 
changes in carbon dioxide tension in water 
544 

Atmogeochemistry 4 

Atmophile elements 43, 8S, 91, 301, 303-4, 
309, 386, 399, 415, 574-75, 610, 715, 757, 
770, 778, 783 

escape 43-44, 301, 303-4, 309, 373-74, 377, 
3S6, 390, 39S-400, 402-3, 420, 613, 
773-76 

Atmosphere 7, 14, 27, 32, 47, 82, 8S, 184-85, 
187, 192, 218, 223, 245, 265, 268, 276, 
288, 292-93, 297-98, 300-318, 320-21, 
338, 340, 348, 366, 375-78, 385-88, 393- 
94, 398-404, 406-9, 416, 418-20, 424, 
465-68, 489-90, 534-50, 574-76, 578-83, 
610, 612-18, 671-72, 715, 717-18, 742, 
751, 754-55, 762-67, 771, 773-77, 783, 
798 

ancient, composition 406 
chemical composition 304-11, 317, 321, 
378, 401-2, 408, 574-75, 612, 616-17 
collisions in 300, 403, 775 
cycle of water and dissolved substances 
316-18 

cyclic salts in 317 
diffusive segregation in 307-8 
evolution 398-403 

mass of constituents 265, 305, 338, 576, 

612, 616-17 
number of insects 320 
origin 302-4, 39S-403 
ozone equilibrium 376 
preaquatic 399-400, 404 

composition 399-400, 404 
pressure 302, 404 

primordial, composition 296, 301, 303-4, 
309, 3S7, 398-400, 420, 492, 538, 575, 

613, 757, 775-76 
structure 300-304 
temperature 301 
temporary constituents 309-11 
total mass 304-5, 617, 798 

variations in chemical composition 306, 
308, 401-2, 575, 613 
volume of constituents 265, 310 
Atmospheric pollution 310-15, 578 
Atom-building processes 68-69 
Atomic fission; see Nuclear fission 
Atomic manner of reasoning 104-5 
Atomic nucleus, structure 48-51 
Atomic number 46-47, 49-51, 58, 60-62, 66- 
67, 688, 779, 786-87 
Atomic radius 105, 794-95 
Atomic size 105-12, 389 
Atomic volume 91-92, 68S 
Atomic weight 792-93 
Attapulgite 204, 206 

chemical composition 206 



Attapulgus, composition of attapulgite 206 
Attraction 233 
Attraction intensity 235 
Auerlite 519 

Augite 20, 22-23, 129, 145-46, 148-49, 165, 
168-69, 173-76, 194-95, 201, 449, 459, 
472-74, 500, 559-60, 597, 622, 645, 683, 
697 

change of MgO.CaO ratio 173-74 
Augite diorite 146, 174, 473 
Augite syenite 146, 174 
Aurora borealis 300, 308 
Aurosmiridmm 690 
Australia 
titanium ores 563 
zircon deposits 567 

Australia, western, tantalite pegmatites 607 

Authigenic 217, 433, 455 

Autometamorphism 245-46, 452, 4S6 

Autometasomatism 4S6 

Autotrophic bacteria 340, 406, 748, 750 

Autotrophic nitrifiers 406 

Autotrophic plants 337 

Autunite 461, 590, 635 

Aventurine 660 

Avogadrite 439-40, 757 

Awaruite 659, 681 

Axinite 446, 487 

Azurite 698-99 

/3-activity 62, 424, 780 

/3-particles 509, 570, 633, 654, 777, 779 

B-type stars 383 

Bacteria 192-93, 215, 232, 269, 2S9, 320, 337- 
44, 347, 350, 355-57, 362, 364, 406-8, 
468, 479, 488, 537-38, 554, 580-83, 588- 
89, 592, 598, 601, 618, 62S, 637, 647, 662- 
63, 668, 674, 686, 737, 747-51 
effect on redox potential 339-42 
geochemical role 338-42, 5S0-S3 
pressure and temperature tolerance 340 
rate of multiplication 338 
rate of utilization of organic matter 338-39 
role in formation of petroleum 355-57 
see also Micro-organisms 
Bacterial decomposition 192, 232, 307, 338- 
39, 341-42, 355, 468, 554, 582, 592, 668 
Baddeleyite 565, 567-68, 732 
Backstromite 642 

Bahama Islands, aragonite in marine cal- 
careous sediments 467 
Balkhashite 355, 489 
Ballast elements 331, 505, 569, 762 
Ballastsiojje 331 
Baltic Sea 

calcium carbonate in water 467-6S 
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change"! in carbon dmxide tension in 

544-45 

coiumbium a-d tantalum in clays 609 
iodine content in water 76S 
Bancroft, nepheliue syenite 177 
Barbierite 138 
Barian aragonite 47S 
Barian biotite 473 
Barian muscovite 153, 473 
Barite 217, 477-78, 4S3, 716, 749 
Barite concretion 4S3 
Barite nodule 483 
Barium 

abundance 457-5S 
in biosphere 479-80 
cycle 480, 4S2-S4 
diadochy 471-74, 4S4, 526, 716 
extraction by hydrothermal solutions 477 
in feldspars 132, 137, 139, 471-73 
geochemical character 457-5S 
geochemical coherence with strontium 109, 
111, 471 

geochemistry 457-58, 470-84 
hydrothermal minerals 477-7S 
in igneous rocks 470-78 
in metamorphic rocks 4S2 
in natural waters 269-70, 483 
ores 47S 
precipitation 
as carbonate 4S3 
as sulfate 482-83 

regional differences in abundance 457 
in sedimentary rocks 482 
in sediments 482-84 
solubility of compounds 477, 480, 484 
Barium apatite 478 
Barium feldspar 132, 137, 139, 471 
Barium: strontium ratio 269-70 
Barylite 477 
Barysilite 731 
Barytocalcite 478 

Basalt 35-36, 76, 80-81, 158-59, 161, 260, 
267, 396-97, 476, 4S6-87, 506, 516, 571, 
578, 613, 634, 659, 690, 703, 705, 709, 
732, 758, 760 
chemical composition 159 
Basaltic hornblende 148-49 
Basaltic shell 76, 78, 260, 396 
Base adsorption 346 

Base exchange 212, 233, 241-42, 269, 298, 
346, 453, 503 

Base-exchange capacity, effect of crystal 
structure on 242 

Basement Complex 35-37, 128, 436-37, 486, 
596, 621, 682, 798 

Basement rocks 128 

Basic (biological) elements 322, 325 

Basic front 262 
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Basic rocks 37, 146-47, 175, 178, 202, 262, 
424, 427, 450, 453, 475-76, 486-87, 500, 
506, 512, 515, 51S, 523-24, 527, 529, 
559, 562-64, 571, 5S5, 595-96, 601, 605- 
6, 611, 621-22, 626, 634, 658, 671, 675, 
681-82, 687, 694, 697, 712, 716. 723, 
725, 731, 733, 745, 758, 760, 783-S4; see 
also Subsilicic rocks 
Basic zone 262 
Basification 262 
Bastnasite 518 

Bauxite 198, 202, 209, 236, 428, 441, 446-47, 
484, 489, 491, 506-7, 516-17, 528-29, 
563-64, 567, 600-601, 609, 623, 652, 
685, 727-28, 735, 741 
formation 506 

Bavaria, weinschenkite in limonite 529 
Bazzite 514 

Bear River, composition of water 285-S6 
Becquerelite 635 
Beecli 333, 742 

Beidell, composition of beidellite 206 
Beideilite 203-6, 281 

chemical composition 206 
structure 205 

Bench Spring, composition of water 277-78 

Benitoite 119, 475 

Benthic 320, 347, 364 

Bentonite 204, 764 

Benzene 354 

Benzenoid hydrocarbons 352 

Beryl 119-20, 181, 439, 445, 512-13, 526, 772 

Beryllian allanite 446 

Beryllium 

abundance 443 
in biosphere 447 
co-ordination 135, 240, 444 
cycle 446-47 
deficiency 71-73 
diadochy 135, 444, 515, 526 
£- value 526 

geochemical character 443 
geochemistry 443-47 
in igneous rocks 172, 443-46 
instability 71-72 
in metamorpbic rocks 447 
minerals 445 
ores 445 

proton bombardment 72 
regional variations in abundance 443 
in residual solutions 445 
in sedimentary rocks 447 
in sediments 447 
Beryllium anorthite 444 
Beryllium: silicon ratio 445 
Bervllonite 445, 587 
isotypy 587 

Beryllosilicates 135, 445 
Bicarbonate waters 277, 282 


Bieberite 6S0 

Big Iron Spring, composition of water 277-78 
Binding, type of 169 
Biocatalysts 339, 356 

Biochemical processes 232, 279, 315, 321, 
336, 338, 405, 407, 420, 432, 470, 479, 
538, 540, 573-74, 580, 589, 591, 636-38, 
717, 765-66, 768, 784 
Biocycles 319-20, 363-65, 581-82, 5S8 
Biogenic matter; see Organic matter 
Biogeochemieal prospecting 334 
Biogeochemistry 4, 7, 320, 365, 452, 48S, 553, 
569, 624, 628, 637, 656, 693, 700, 714, 
728, 736, 742, 749, 761 

Bioliths 198-99, 225, 231, 321, 342-63, 401, 
420, 453, 541-42, 546, 598-99, 602, 614, 
636, 638 

classification 342-45 
see also Organogenic sediments 
Biological availability 328 
Biological cycle in the sea 288-89, 291 
Biological elements 322-25, 329 
classification 323, 325 
functions in organisms 322-23 
position in Periodic Table 324-25 
Biological material, composition 322 
Biophile elements 88, 322, 324, 358, 406, 409, 
415, 420, 441, 448, 458, 486, 533, 575, 
580, 588, 594, 599, 610, 641, 658, 700, 
744, 757 

Biosphere 14, 82, 88, 212, 300, 319-66, 385, 
401, 406-9, 418, 420, 441-42, 458, 462, 
479, 490, 505, 531, 534-35, 53S-42, 573, 
575-76, 580-81, 588, 592, 598, 613-15, 
617, 653, 662, 686, 707, 714, 717-18, 747, 
750-51, 763, 766 
evolution 406-9, 540, 614 
formation 321, 406-9, 614 
limits 319 

Biotite 130, 153, 155-56, 165, 168, 175, 181, 
194-95, 200, 427, 430-32, 43S-39, 444, 
449, 473-74, 478, 486, 500, 512-13, 524, 
558-61, 597, 606, 622-23, 644-45, 6S3, 
710,712,723, 732-33, 758-59, 764, 781-82 
chemical composition 155-56 
as a geological thermometer 512-13 
structure 155 
Biotite diorite 168 
Biotite monzonite 597 
Biotite norite 168 
Birds 335, 583, 592, 701, 707 
Bischofite 454 
Bismite 739 
Bismuth 

abundance 738-39 
affinity 

for selenium 739 
for sulfur 739 
for tellurium 739 
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in biosphere 742 
cycle 741-42 

geochemical character 100, 73S-39 
geochemistry 738-42 
in igneous rocks 739-40 
in late crystallites 740 
native 739 
ores 740 

precipitation as basic carbonate 741 
in sedimentary rocks 742 
in sediments 741 
trivalent, diadochy 740 
Bismuthinite 740 
Bismutite 741 
Bismutotantalite 608 
Bittern waters 2S2, 766 
Bitumen 304, 349, 351-52, 359, 361, 539, 542, 
548, 601, 701, 748 
Biiuminiening 351 
Bituminous coal 349-51, 356, 540 
average chemical composition 349-50 
Bituminous limestone 600 
Bituminous sediments 232, 353, 357, 530-37, 
599-602, 630, 638, 656, 685, 699, 701, 
741, 70S 

Bituminous schist 6S5, 699 
Black Hills, granite pegmatites 182 
Black Sea 

content of hydrogen sulfide in water 7 19 
content of organic matter in sediments 354 
pH of water 227 
stagnant water 749 
Black schist 447 
Black shale 637, 782 
Blodite 434 
Blomstrandite 60S 
Blue mud 700 
Blue-green algae 5S0 
Bobierrite 454 

Body fluids 326, 364-65, 442, 598, 653, 6G2, 
701, 736, 761 
chemical composition 365 
Boehmite 204, 209, 506 
Bog iron ore; see under Iron ores 
Bog manganese ore; see under Manganese ores 
Bog water 503, 665 
Boghead coal 349 
Boliden, andalusite ore 507 
Bolivia, borate deposits 495 
Bond 95-96, 105, 238-41, 417-18, 533, 749 
a-boracite 496 
/S-boracite 496 

Borate sediments 215, 219-20, 435, 454, 461, 
490, 495-97 

differences in composition 496-97 
Borate waters 276-77 
Borates, structural classification 515 


Borax 2S4-S5. 495 
Boric acid 1SS, 4S9, 494-95 
formation 494-95 
Bom-Haber cycle 13 s 
Borneo, compos: cion of cruie oils 354 
Bornite 157, 1S2, 697-99, 705, 745 
Boron 

abundance 485-86 
in biosphere 332, 4S3-S9 
co-ordination 115-16, 241 
cycle 4S9-94 
deficiency 71-73, 4S5 
diadochy 135, 4SS, 515 
geochemical balance 492 
geochemical character 4S5-S6 
geochemistry 485-97 
in igneous rocks 486-SS, 492 
instability 71-72 
in metamorphic rocks 491 
precipitation in sea water 490, 493, 498-97 
proton bombardment 72 
regional differences m abundance 4S5 
in sea water 404-5, 489-94, 496-97 
in Searles Lake brine 284 
in sedimentary rocks 491 
in sediments 491-92, 494-97 
volatility of compounds 494-95 
in volcanic gases 495 
Boron: hydrogen ratio 485 
Boron metasomatism 257 
Borosilicates 116, 135, 460, 4S7-SS, 51S 
Boulder 200 
Bournonite 693, 69S 

Brachiopod, phosphatic, chemical composi- 
tion of skeletal material 327, 591-92 
Brachiopods 327, 479, 591-92 
Brackish water 647 
Braggite 690, 692 

Brandon, composition of metahalloysite 206 
Bratholmen, lithium content in ditroite 425 
Braunite 487-88, 642, 650-51, 653 
Bravaisite 203 
Bravoite 680 
Brazil 

baddeleyite and zircon deposits 567 
monazite placers 202 

Brazilian Shield, oxidate sediments of iron 
675 

Breithauptite 680 
Breunnerite 20, 22, 203 
Brewsterite 477 

Brines 219, 277-78, 282, 284-85, 319, 340-41, 
357-60, 434-35, 454, 470, 4S1, 484, 497, 
637, 752, 766, 768, 7S2, 785 
chemical composition 358-59 
salinity 277 
Britholite 524 
Brochantite 698 
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Broggerite 572 

Broken Bill, vanadate deposits 603 
Bromargyrite 765 
Bromellite 445 
Bromine 
abundance 756 

in biosphere 335, 761-62, 766-67 

cycle 765-68 

diadochy 759, 766 

geochemical character 756-57 

geochemistry 756-57, 759-62, 765-6S 

in igneous rocks 759-61 

in Jordan water 282 

in marine organisms 335, 762, 766 

in mineral waters 768 

ores 766 

precipitation as bromide 765 
in sea water 765-66 
in Searles Lake brine 284 
in sedimentary rocks 766-67 
in sediments 766-67 
Bronzite 23, 16S-69 
Brookite 559, 563, 60S 
Brown algae 742 

Brown coal 190, 197, 244, 321, 331, 334, 349- 
51, 506, 540, 598, 614 
chemical composition 349-50 
Brownian movement 234 
Brucite 229, 449-50, 454-56 
Brusliite 461 

Buena Vista Hills, composition of natural gas 
362 

Buffer system 292, 405, 4S9, 762 
Bunsenite 680 
Bush sickness 686 

Bush veld complex, platiniferous norites 690 
Butt of Lewis, chlorine content of rain water 
314 

Bytownite 135, 165, 473, 722 

Cadmium 
abundance 70S 
affinity for sulfur 709, 713 
in biosphere 714 
cycle 712-14 
diadochy 712 
discovery 42 

geochemical character 99-100, 70S, 711-12 

geochemical coherence with zinc 585 

geochemistry 708-14 

in hydrothermal deposits 710-12, 715 

in igneous rocks 708-12 

minerals 712-13 

ores 712 

precipitation as sulfide 713 
in sedimentary roeks 713 
in sediments 713-14 
solution 

as chloride 713 
as sulfate 713 


in sphalerite 42, 99-100, 712 
in zone of reduction 713 
Cadmium oxide 712 
Calaverite 705, 747 

Calc-alkalic rocks 129-30, 149, 158-61, 164- 
66, 168, 173, 175-77, 450-51, 475, 500, 
552, 562, 566, 568, 585, 605, 611, 620, 
626, 634, 643-44, 658, 661, 722 
chemical composition of groups 166 
Calcareous algae 327, 4S8 
chemical composition of skeletal material 
327 

Calcareous bauxite 506 
Calcareous mud 196-97, 468 
Calcareous ooze 197 

Calcareous sediments 196-97, 215, 218, 464- 
70, 482, 592, 666; see also Calcium carbon- 
ate in sediments 
Calcareous sinter 215, 470 
Calcareous structures 203, 216, 274, 326, 
405, 409, 452, 463, 469, 479, 481, 489, 
528, 531, 537-38, 550, 592, 648, 761, 784 
Calcareous tufa 215, 218, 470 
Calcification 211 
Caleiostrontianite 477 

Calcite 196-97, 203, 215, 397, 450, 455, 460, 
467, 469-70, 477-S2, 497, 514-15, 525, 
530-31, 533-34, 64S, 675, 713, 727-2S 
isomorphism 497, 515, 713, 727 
stability 450 
structural type 514-15 
Calcitic limestone 197, 216, 223, 244, 455-56, 
464-70, 482, 491, 539, 600-601, 675, 700, 
736 

purity 464 
Calcium 

abundance 457-5S 
in biosphere 462-63 

co-ordination 133, 449, 460, 474, 571, 634 
cycle 463-64 

role of bacteria 339 

diadochy 147-48, 156, 167, 469, 471-74, 
477, 4S0-81, 484, 4S7, 513, 525-26, 528, 
531, 586, 645-46, 64S, 716, 723, 732-33, 
740, 787 

geochemical character 457-58 

geochemical coherence with strontium 110 

geochemistry 457-70 

heat of formation of compounds 458, 560 

in igneous rocks 461-62, 4S0 

isotopes 777 

minerals 450, 459-61 

precipitation 

as molybdate 629-30 
as tungstate 629-30 
in rain water 315 
in sea water 405, 464-70, 480 
in sediments 463, 465 
separation during differentiation 461-62 
solubility of borate 495-97 
solution during weathering 463 
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Calcium carbonate 
amorphous 215 

biological precipitation 405, 453, 455, 465- 
66, 468-70, 535-36, 543, 549-50 
inorganic precipitation 405, 453, 455, 463- 
# 67, 470, 535-36, 543, 549-50, 675 
ionic equilibrium 465 
metastable 466 

in organisms 274, 452, 455, 463, 466, 468; 

see also Calcareous structures 
in sea water 465-69, 555 
in sediments 196-97, 199, 211, 215-16, 219, 
225, 273, 280, 293-94, 297, 315, 339, 
405, 409, 453, 455, 464-70, 543, 549, 
600, 648 

solubility 293, 465-67, 543, 784 
solution 463, 465-68, 538, 543 
Calcium fluoride 
in sediments 464 
structural type 572 
in vertebrates 463 
Calcium-free mica 152-53 
Calcium garnet 462, 473, 513 
Calcium. magnesium ratio 279 
Calcium mica 152-53, 459, 462 
Calcium nepheline 141 
Calcium phosphate 
in organisms 463, 46S 
precipitation 589-91 
in sea water 591-92 
in sediments 217, 464, 592 
solubility 589, 591 
solution 591-92 

Calcium: strontium ratio 478, 4S0 
Calcium sulfate 
in organisms 468 
in sediments 219, 273, 470 
Caledonian rocks, occurrence of cesium in 436 
Caliche 211, 220, 579, 754 
chemical composition 220 
mineralogical composition 579 
California, alkaline lakes 2S4 
California, southern 
borate deposits 495 

composition of marine phosphate nodules 
59i 

lithium, rubidium, and cesium content in 
pegmatite micas 438-39 
Calomel 764 

Camouflage 95, 126-28, 571, 721-22, 730 
Canada 

apatite in contact metamorphic limestone 
593 

composition of rain water and snow 313 
Canadian Shield 
chemical composition 33, 36 
high abundance of uranium 395 
uranium deposits 638 
Cancrinite 140-41, 460, 500, 533 
Cannel coal 349-50 


SUBJECT INDEX 

Canon Diablo, mercury content in troilite of 
meteorite 715 
Capillary action in soil 281 
Cappelenite 181, 475 

Capturing 126-28, 474-75, 513, 525, 572, 
723, 733, 787 
Carbides 533 

Carbohydrates 322, 326, 348, 355, 357, 408, 
535, 583 

chemical composition 326 
photochemical formation 408 
Carbon 

abundance 532 
amorphous 533 

in atmosphere 307, 338, 401-2, 538-40 
in biosphere 212, 328, 534-35, 539-40 
consumption 541, 546-47 
co-ordination 115, 241 
cycle 535-50, 576, 580, 614-15, 662 
role of anthroposphere 366, 402, 535- 
37, 541, 544 
role of bacteria 339 
diadochy 586, 758 
formation of carbonates 401 
fossil 542, 576, 614 
geochemical character 533 
geochemistry 532-50 
in hydrosphere 338, 539-40 
in igneous rocks 533-34, 538-39 
isotopes 548-50 
leaks in cycle 535, 537-38, 614 
native 342, 401 

in natural waters 277, 282, 315-16, 537- 

38, 542-45, 547-50 
number of compounds 532 
production 541 

in sedimentary rocks 538-39 
in sediments 212, 321, 575 
in volcanic emanations 185-86, 534 
Carbon dioxide 

in atmosphere 292, 305, 307, 401-2, 538- 
40, 544-4S . . 
atmospheric, origin 401-2 
in biosphere 401, 539 
consumption 540-41, 548 
cycle 

between atmosphere and sea 293, 307, 
402, 465, 468, 542-45, 547-50 
between sea water and plants 536 
between soil and plants 536 
exchange between hydrosphere and litho- 
sphere 542-43 
fixation in carbonates 402 
fossil 377, 542 
in igneous rocks 534, 538 
juvenile 402, 407, 534-36, 539-41, 546, 
614, 775 
meteoric 534-36 
production 540-41, 545-47 
reduction by hydrogen 341 
in sea water 291-93, 465-66, 468, 490, 536- 

39, 542-45, 547-50 

in sedimentary rocks 538-39 
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Carbon dioxide gases 361 
Carbon dioxide metasomatism 257, 535-36 
Carbon fixation, rate of 337-3S 
Carbon metabolism 320, 546 
Carbon-nitrogen cycle 72-73, 532 
Carbon stars 532 

Carbonaceous sediments 342, 463, 533, 536- 
37, 541, 546, 637, 736, 754 
Carbonaceous schist 447 
Carbonate apatite 22, 217, 461, 533, 5S6, 591 
Carbonate rocks 190, 244, 270-71, 441, 447, 
482, 491, 517, 529-30, 535-36, 602, 618, 
623, 672, 685 

Carbonate sediments 190, 200-201, 215, 
217-20, 223-25, 321, 464-70, 492, 497, 
516, 528, 535, 538-39, 546, 549-50, 555- 
56, 590, 609, 648, 668, 673, 713-14, 727, 
753 

total quantity 223-24 
Carbonate waters 270, 273, 276-78, 282 
Carbonation 192 
Carbonization 232, 356, 360 
gases produced by 360 
Carnallite 434, 440, 454, 4S1, 496, 673, 728 
Carnallite zone 496 
Carnegieite 141 
Carnivores 589 

Carnotite 598, 603, 629, G35, 638 
formation 603, 638 
Carotene 341 

Caspian Sea, salt lake 218, 282 
Cassiopeium; see Lutecium 
Cassiterite 182, 201-2, 397, 446, 512-14, 
607-8, 627, 693, 704, 723, 726, 732, 734- 
35,740 

isomorphism 607 
Cassiterite placers 202, 735 
Cassiterite-wolframite paragenesis 513, 644 
Catalysts 323, 337, 339, 353, 356, 379, 452, 
532, 577, 599, 603, 662, 686, 701, 769 
Catapleite 181, 475, 565, 607 
Catchment area 271 
Cation: anion radius ratio 114, 121 
Cation exchange 241-42 
Cation: oxygen radius ratio 115-16 
Cattierite 6S0 

Caucasia, composition of crude oils 354 
Caustobioliths 342-43, 351, 402, 537, 541, 
546-47 

Celebes, nickel in laterite ores 684 
Celestite 217, 477-81 
Cell liquors 322, 433, 441-42, 588 
Cellulose 337, 340, 420, 553 
Celsian 132, 137, 471-72, 477 
isomorphism 137, 471-72, 477 
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Cementation 196-97, 231, 629, 699, 706 
Cementite 20 
Cerian ankerite 518 
Cerium 

abundance 510-11 
diadochy 528 
geochemical character 511 
geochemistry 510-11, 528, 530 
in igneous rocks 528 
in metamorphic rocks 530 
Cerium-earth metals 517-25, 527-28, 560, 
572,786 

co-ordination 525 
in igneous rocks 528 
Cerium earths 517 
Cerussite 471, 731, 734 
Cesium 

abundance 422-24 
in biosphere 442 
cycle 440-41 
discovery 10 

geochemical character 422-23 
geochemical coherence 
with potassium 436 
with rubidium 109-11, 436 
geochemistry 422-23, 436-42 
in igneous rocks 436-40 
in late crystallates 436-38 
in minerals 120, 439 

in sediments and sedimentary rocks 236, 
440-41 
sources 441 

Cesium: potassium ratio 440 
Cesium: rubidium ratio 438 
Chabazite 477 

Chain and ladder silicates 462 
Chalcanthite 698 
Chalcedony 722 
Chalcocite 188, 698-99 
Chalcomenite 746 

Chalcophile elements 88, 90-94, 96, 103, 214, 
332, 396-97, 585, 594, 620, 626, 640, 
657-58, 678, 689, 692, 695, 702-3, 708, 
715, 720, 724, 729, 738, 743, 757 
Chalcopyrite 97-101, 157, 163, 182, 661, 
691, 697-99, 705, 726, 734, 744-45 
composition 97, 99-101 
Chalcosphere 76, 79-80, 88, 92, 388 
Chalk 321 
Chamosite 675-76 
structure 676 
Charge 
ionic 106-8 
nuclear 107-8 

Chemical activity 246, 251-55, 258, 261, 337, 
408 

Chemical equilibrium in rocks 251-52, 259 
Chemical geology 3-4, 6 



Chemical potential 254-55, 337, 395 
Chemical properties 103 
Chemical sediments 197-98 
Chemical weathering 36, 191-92, 195, 294, 
296, 311, 346-47, 393, 397, 431, 453, 
463, 489, 492, 555, 566, 600, 609, 635 
Chemistry 
geological 8 
mineralogical 8 
planetary 367-68 
Chemoautotrophic bacteria 337 
Chemosorption 233-34 
Chernozem soil 211 
Chert 216, 556, 675 
Chestnut 529, 531 

Chiaturi district, manganese deposits 653 
Chibina Tundra 

apatite in nepheline syenite pegmatite 593 
britholite in nepheline syenite 524 
nepheline syenite 177, 593 
Chicago, dustfall 310-11 
Chile 

beryllium content in clay from nitrate 
deposits 447 
borate deposits 495 

iodine content in nitrate sediments 769 
S:Se ratio in nitrate sediments 754 
Chile, northern 

nitrate sediments 221, 231, 298-99, 461, 
b 484, 579, 623, 769 
origin of nitrate sediments 769 
Chillagite 627-28 

Chinle, mercury content in shale 717 
Chitin 340, 583 
Chit in-splitting organisms 583 
Chloanthite 6S0, 686 
Chlorapatite 533, 586 
Chlorargyrite 706, 764 
Chloride waters 276, 282, 35S 

Chlorine 
abundance 756 
in biosphere 331, 761-62 
cycle 764-66 
cyclic chlorides 274-76 
diadochy 157, 586, 758-59, 763, 766 
geochemical character 756-57 
geochemistry 756-62, 764-66 
in hot-spring water 1S7 
in igneous rocks 757-61 
minerals 758 
ores 765 

precipitation as chloride 764 
production of volcanic hydrochloric acid 
765 

in rain water 276, 313-14 
in river water 276 
in sea water 765-66 
in sedimentary rocks 765 
in sediments 219-20, 765 
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solubility of chlorides 758, 764 
in volcanic gases 764-65 
Chlorine .‘bromine ratio 760-61, 765 
Chlorine metasomatism 257 
Chlorinity 287, 289 

Chlorite 204, 213, 397, 449, 452, 515, 534, 
586, 621, 641, 673, 681, 6S3-84 
Chloritization 178 
Chloro-compounds 761 
Chlorocruorin 662 

Chlorophyll 321, 331, 336-37, 353, 460, 442, 
452, 614, 662 
Chloroplasts 662 
Chlorothionite 758 

Chondrites 22-27, 29, 75, 80, 92, 532-33, 
557, 574, 654, 695, 708, 715 
abundance 29 
chemical composition 26 
mineralogical composition 27 
Chondrules 24-25 
Chromian chlorite 621 
Chromian diopside 621 
Chromian epidote 621 
Chromian garnet 621 
Chromian mica 153, 621 
Chromian spinel 620-21 
Chromiferous iron ores; see under Iron ores 
Chromite 20, 22, 27, 127, 157, 159, 161, 164, 
201, 620-21, 623-24, 655, 661, 669-70, 
690-91, 704, 721 
chemical composition 157 
isomorphism 621 
Chromium 
abundance 619-20 
in biosphere 624 
cycle 623 

diadochy 204, 487, 621-23, 645, 721 
E-value 620 

in early crystallates 620-21, 644 
geochemical character 619-21 
geochemical coherence 
with iron 620 
with molybdenum 110-11 
geochemistry 619-24 
in igneous rocks 127, 620-23 
in magmatic sulfides 163-64, 621 
in meteorites 92, 163, 619-20 
mobilization as chromate 623 
ores 624 

in sedimentary rocks 623 
in sediments 623 
in silicate minerals 621-22 
Chromoproteins 662 
Chrysoberyl 181, 445, 502 
Chrysocolla 696, 698 
Chrysolite 22, 151 
Chrysotile 449, 676, 681 
Cinnabar 716-17 
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Circulation in the sea 2S8, 543, 545 
Clams 550 

Classification of sciences 2 
Clastic texture 200 
Ciaudetite 739 

Clay 33, 36, 190, 196-99, 202-4, 206, 208-9, 
211, 215, 219, 235-36, 241, 247, 294-95, 
298, 346, 348, 428, 431-32, 440-41, 446- 
47, 463, 466, 4S2-84, 491, 504, 516-17, 
529, 564, 567, 590, 601, 603, 609, 648, 
652, 668, 685, 700, 706, 713, 727-28, 
7S4-85 

chemical composition 209, 247 
formation 208 

mineralogical composition 202-4 
Clay galls 603, 706 

Clay minerals 122-23, 195, 202-12, 241-42, 
281, 298, 431-32, 449, 453, 502-6, 554, 
596, 599, 601, 668, 6S4, 764 
base-exchange capacity 212, 241-42 
chemical composition 205-6 
cleavage 206, 208, 504 
structure 123, 203-5, 207, 241-42, 504 
Cliffside field, composition of natural gas 362 
Clinobronzite 23 
Clinoenstatite 20, 22, 145, 147 
Clinoferrosilite 145, 147, 660 
Clinohypersthene 20, 22-23, 146 
Clinopyroxene; see Monoclinic pyroxene 
Clintonite 459 

Closed basins 218-19, 2S1-S6, 461, 490, 
494-96, 675, 749, 752, 766 
Closed system 252 
Cloud water 316 
chemical composition 316 
Coagulation 234-35, 649 
Coagulation capacity 234-35 
Coal 190, 197, 213, 231-32, 244, 276, 304, 
307, 309, 311, 314, 321, 331-32, 334, 
343-44, 347, 349-51, 356, 506, 536-42, 
545-4S, 598-99, 601, 614, 637, 669, 674, 
6S6, 718, 742, 748-50, 761, 76S 
chemical composition 231, 311, 334, 350 
combustion of 276, 307, 309, 311, 314, 
536-37, 541, 545-47, 742 
consumption 546 
gases in 350 

Coal ashes, chemical composition 331-32, 
350, 441, 447, 479, 488, 505, 531, 598, 
624, 628, 637, 653, 662, 686, 694, 700, 
707, 714, 72S, 736-37, 742, 762, 76S 
Coal formation 351 
Coal reserves, grand total 546 
Coalification 349 
chemical changes in 349 
Coals, classification 349 
Cobalt 

abundance 677-78 


affinity for sulfur 678, 685, 709 
in biosphere 685-86 
in chalcopyrite 101 
colloidal solutions 684 
co-ordination 683 
cycle 683-86 
diadochy 679, 682 

geochemical character 101, 677-78, 681 

geochemical coherence v ith nickel 585 

geochemistry 677-87 

in igneous rocks 678, 681-83 

in magmatic snlfides 101, 163, 678-81 

in metamorphic rocks 685 

in meteorites 163, 677-78 

ores 680-81, 686-87 

oxidation states 683 

in pyrite 101, 674, 679-80, 685 

in pyrrhotite 101, 679-80 

in sea water 684-85 

in sedimentary rocks 685 

in sediments 685 

separation from nickel during minor cycle 
684 

transfer percentage 685 
Cobalt: nickel ratio 674, 677-79, 681-85 
Cobalt selenite 746 
Cobaltian wad 684 
Cobaltite 680, 686, 740 
Coccolitk ooze 34S 
Coccoliths 34S 
Coddazite 518 

Cohenite 20-21, 27, 533, 610 
chemical composition 21 
Cold bodies 381 
Colemanite 495 
Colloidal aggregates 666 
Colloidal solutions 195, 212, 215, 228, 233, 
268, 271, 296, 298, 346, 465, 554-55, 589, 
591, 664-66, 672, 684, 691, 705-6 
Colloids 192, 196-97, 202, 208, 210, 213, 233- 
36, 289, 298, 346, 34S, 350, 393, 432, 506, 
553-55, 629, 647-50, 664-66, C68, 673, 
746, 748, 782 

electric charge 233-34, 649-50, 668, 673 
Collophane 217, 461, 591 
Colorado 

ilsemannite in sandstone 629 
natural gas rich in helium and hydrogen 
361 

Colorado, southwestern, vanadate deposits 
603, 629, 638 
Coloradoite 716 
Colored rain 310 
Colored snowfall 310 
Colorimetric analysis 38, 640 
Columbite 181, 526, 607-8, 627, 644, 661, 
691, 723 
Columbium 
abundance 604-5 
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columbates in cassiterite and wolframite 
514, 608 

co-ordination 241 
cycle 600 

diadochy 514, 606, 732 
geochemical character 604-5 
geochemical coherence 

with tantalum 110-11, 180, 604 
with titanium 607 
with vanadium 110-11 
with zirconium 607 
geochemistry 604-9 
in igneous rocks 604-9 
in late crystallates 605, 607-9, 634-35, 655 
in minerals 606-9, 634-35, 655 
ores 609 

in sediments 609 

Columbium : tantalum ratio 567, 604-6 

Columbium : zirconium ratio 606 

Coma 368 

Combined water 416 

Comet 1882II 369 

Comets 368-69, 376, 415, 532 
atmospheres 368-69 
chemical composition 368-69 
collisions in atmospheres 369 
molecules in atmospheres 368 
nuclei 368-69 

Common hornblende 148-49 

Compaction 196 

Complete assemblages 519-23 

Complex anions 231, 238, 240, 332, 481, 597, 
599, 612, 630, 642, 659, 739, 744, 746, 
749, 758 

Complex pegmatites 178, 182, 513, 518 

Composite mixtures 
andesites 424 

argillaceous sediments 40-41 
Deccan traps 424 

German gabbros 424, 437, 476, 4S6, 739 

German granites 424, 437, 476, 4S6, 739 

granites of Saxony 424 

greisen rocks of Erzgebirge 424, 437 

igneous rocks 40, 625 

Italian liparites 424 

limestones 652 

magmatic sulfides 9S, 162, 679, 692 

mica schists 222 

Mississippi silt 685 

nepheline syenites 424, 437 

Norwegian pegmatites 655 

phonolites 424, 437 

phyllites 222 

rapakivi granites 167 

red clay 685 

Russian clays 728 

sandstones 652 

shales 222, 441, 482, 652 

terrigenous clays 685 

terrigenous muds 222 

Compressibility 255 


Concentration, ways of expressing S03-4 
Concretions 211 

Condensation 297, 314, 317, 3S1, 3S6-87, 
390, 392-93, 397, 399-400, 403-4, 489- 
90, 598, 717, 763, 766 
Condensation nuclei 317, 386 
Conglomerate 190, 197-98, 200, 244 
Conifers 761 

Connate waters 268-69, 276-77, 299, 358, 637 
Consolidation 196, 254, 261, 396 
Contact metamorphic rocks 190, 244, 501, 
593, 667, 672, 759 

Contact metamorphism 190, 244, 438, 446- 
47, 501, 593, 671, 759, 764 
Contact metasomatism 261, 493, 712, 740 
Contaminants 323-24, 742 
Content, ways of expressing 803-4 
Contim dal area 81, 261 
Continental ice 
total mass 265 
total volume 265 
Continental masses 258 
Continental sediments 196, 215-16, 218-19, 
224, 342, 435, 461, 489-91, 494, 506, 
555, 579, 636, 675 
Convection currents 390-91, 397 
Convection region 301 
Conversion factors, gravimetric 799-802 
Cookeite 427 
Cooperite 690, 692-93 

Co-ordination 105-6, 112-17, 155, 169-72, 
174, 248, 250-51, 425-26, 474, 525-26, 
564-65, 571, 634, 710, 720-21, 749, 794 
Co-ordination number 114, 117-18, 170-72, 
240, 425, 429, 444, 460, 474, 502, 504, 
525, 560, 564-65, 683 
dependence of ionic size on 117-18 
Copal gum 351 
Copiapite 669 
Copper 

abundance 695-96 

affinity for sulfur 695-97, 703, 709, 745 
in biosphere 334-35, 700-701 
in Caledonian mineral waters 279 
cupric, diadochy 697 
cycle 69S-700 

in fumarole deposits 1ST, 700 
geochemical character 98-99, 695-96 
geochemical coherence 
with gold 703 
with silver 703 
geochemistry 695-701 
in igneous rocks 98, 696-9S 
in magmatic sulfides 98-99, 163, 697-98 
in meteorites 163, 695 
minerals 696-98 
native 20, 696, 698-99, 701, 704 
ores 669, 696, 698-700, 754 


861 



GEOCHEMISTRY 


C opp er — coni i n u ed 
precipitation 
as carbonate 699 
as oxychloride 700 
as sulfide 699, 750 
in sea water 700 
in sedimentary rocks 700 
in sediments 334, 699-701 
solution as cupric sulfate 698-99, 706 
in surface waters 699 
in zone of cementation 699 
Copper matte 85-S6, 3S7, 696 
Copper ores, sedimentary 699, 754 
Coprecipitation 763 

Corals 321, 327, 335, 455, 469, 479, 4SS, 528, 
701, 736-37, 762 

stony, chemical composition of skeletal 
material 327 

Cordierite 119, 181, 449, 451, 454 
Cordilleran rocks, chemical composition 33- 
35 

Core; see Nickel-iron core; Solar-material core 
Corundum 181, 201, 502, 513, 526 
Corycium enigmaticum 321, 406 
Cosmic clouds 381, 384 
Cosmic gas 381 

Cosmic particles, abundance in interstellar 
gas 383-84 

Cosmic radiation 770-71, 774 
Cosmochemistry 4, 9, 11, 14, 367-84 
Cotunnite 188, 764 
Coulomb attraction 167 
Coulomb repulsion 51 
Coulsonite 602 
Covalent bond 96, 418, 533 
Covellite 1SS, 69S 
Cracking 357, 361 

Cripple Creek, composition of mine gas 362 
Cristobalite 152, 555 

Critical temperature 160, 183, 393, 399-400, 
404 

Crocoite 622, 734 
Cronstedtite 124, 213, 673 
structure 213 
Crookesite 95, 726 

Crude oil 341, 352-54, 356-57, 360, 598, 6S6, 
785 

chemical composition 352-54, 356 
classification 352 
radioactivity 357, 7S5 
variation of composition according to geo- 
logical age 354 
Crude tar 360 

Crust 33-35, 38, 44, 47-48, 74, 77, 79, 81-S4, 
92, 260, 392-93, 396, 400, 402, 404/443, 
551, 612-13, 617, 633, 696, 773, 782, 78S 
formation 392-93, 400, 773 
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gravitative stratification 81, 260 
see also Lithosphere, upper; Sial crust 
Crustaceans 335, 343-44, 583, 701, 737, 742 
Cryolite 431, 460, 506-7, 721, 757 
Cryolithionite 425, 427 
Crvptomagmatic deposits 183 
Cryptomelane 642, 650 
Crystal chemistry 14, 103-28, 389, 393, 413, 
522, 552, 586, 6S0, 693, 710 
significance in geochemistry 103-5, 389, 
393 

Crystal radius 112 

Crystal structure, effect on diadochy 124-25 
Crystallization, rate of 160 
Crystallization differentiation; see Magmatic 
crystallization 
Cuba 

manganese deposits 653 
nickel in laterite ores 684 
Cubanite 697-98 
Cummingtonite 449 
Cuprite 698-99 
Curium 

geochemistry 78S 
isotopes 7S8 

occurrence in Nature 78S 
Cycle; see under Biological, Endogenic, Exo- 
genic, Geochemical, Major, Minor cycles 
Cyclic salts 271, 274, 276, 311, 314, 817-18, 
578 

Cycloparaffin hydrocarbons 352 
Cyrtolite 56S 
Cytoplasm 320, 324, 588 

Dahllite 217 
Danaite 680 
Danalite 445 

Danburite 116, 135, 460, 487-88 
structure 488 

Dark constituents 164, 173-74, 177, 425-27, 
449, 560, 597, 645, 660-61, 723 
Dark stars 381 
Datolite 1S4, 460, 4S7-SS 
structure 488 

Daubreelite 20, 22, 27, 92, 164, 230, 619 
structure 22 
Dead Sea 

closed basin 282-83 
composition of water 282-83, 766 
occurrence of bacteria 340 
salinity of water 218, 282 
total salt content 283 

Decay 197, 214, 232, 333, 336, 347-51, 363- 
64, 455, 468, 489-90, 536, 538, 540-41, 
549-50, 554, 556, 577-78, 581-82, 592, 
598, 664, 667, 717, 766 
Deccan, lithium content in traps 424 



Decomposing agents 191 
Deficiency diseases 335, 886 
Deficient elements 61, 66 
Deformation 246, 248 
Degassing 187, 390-91, 575, 775 
amount of products 187 
Degree of order 112, 169 
Degree of silicification 134, 141, 153 
Dehydration 650 

Denitrifying bacteria 340, 407, 581-82 
Denmark, vanadium content in brown coals 
598 

Density, fictive 259 
Dental fluorosis 761 

Denver, composition of spring water 278 
Depoisoning of sea water 296, 718, 736, 741, 
753 

Descending waters 279, 706 
Descloizite 597 

Detritus 364, 432, 453, 465, 504, 629, 636, 
735 

Deuterium 306, 420-21 
occurrence 306, 421 
Deuteron 71, 779-80, 787 
Devils Inkpot, composition of water 277- 
78 

Dew 315 

Diabase 150, 178, 444, 487, 506, 518, 571, 
634, 687, 705 

Diabase pegmatite 178, 518 
Diadocky 104, 120-28, 134-35, 144-45, 
147-49, 153, 155-57, 174, 179, 204-5, 
425-26, 435-36, 444, 451, 471-73, 480- 
81, 488, 501-4, 513-15, 518, 521, 525- 
26, 528, 530-31, 561-62, 567, 571-72, 
577, 586-87, 595-98, 606, 611, 621-23, 
628, 632, 645-46, 64S, 656, 659, 670, 679- 
80, 682, 697, 709, 712, 716, 720-21, 723, 
725-27, 730, 732-33, 736, 739-40, 746, 
757-59, 763, 766, 782, 787 
effect on 

of crystal stucture 124-25 
of ionic charge 125-26 
of ionization potential 123-24 
of particle size 121-22 
of temperature 122-23 
Diagenesis 190, 196-98, 200, 203, 216, 243, 
245, 432, 455, 505, 579, 599 
Diallage 145, 724 
Diamond 20, 533 
Diaspore 204, 209, 240, 506, 722 
Diatom ooze 217, 348, 556 
Diatomaceous sediments 342 
Diatomite 217, 491, 556 
Diatoms 216-27, 289, 292, 342, 348, 506, 
537, 553, 556, 648, 666, 768, 785 
Dibromoindigo 335, 762 
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3 . 5- d ib ro m o ty ros i n e 335, 762 
Dichapetalum cymosum 761 
Dickite 203-4 
Dictyonema shale 706 
Dielectric constant 234 
Dietzeite 461 

Differential anatexis 260-61 
Differentiation 
in gravitational field 71 
primordial 395 

see also under Endogenic, Exogenic, Geo- 
chemical, Magmatic, Metamorphie 
differentiation 

Diffusion 71, 197, 252-56, 25S-61, 288, 307- 
8, 391, 395-96 
effect of temperature on 253 
rate of 258 

Diffusion distance 253 
Diffusive segregation 307-8 

3.5- diiodotyrosine 762 
Diolefin hydrocarbons 352 

Diopside 20, 22-23, 115, 145, 147, 168-69, 
195, 201, 425, 449, 459, 621 
composition by volume 115 
Dioptase 696, 698 

Diorite 129, 136, 146, 149, 161, 165-66, 
168, 174, 397, 430, 473, 476, 527-2S, 
566, 605-6, 611, 621, 643-44, 658, 682, 
711, 745-46, 760 
chemical composition 166 
Directed pressure 249 
Discinisca lamellosa 327 
Discontinuities, seismic 77-78, 80-81, S3 
Disintegration 343 

Dispersed elements 127, 436, 512, 515, 636, 
639, 654, 720, 730, 759 
Dispersed phase 250-54, 256, 258 
Dispersed system 2 55, 261 
Dispersion 250-56, 258, 261, 396 
Dissociation 192, 213, 227, 303-4, 369, 373- 
76, 379-80, 382, 400-401, 420, 465, 613- 
14, 617-18 

Dissolved substances, cycle 296-99, 311, 
316-18 

Distillation 344, 355, 603 
Ditroite 425, 474 

Dolerite 209, 437, 444, 476, 486, 516, 527- 
28, 596, 621, 682, 725 
chemical composition 209 

Dolomite 196-97, 203, 216, 223, 449-50, 

454- 56, 460-61, 477, 480-81, 491, 675 
formation 455-56 

stability 216 
structure 216 

Dolomitic limestone 197, 216, 223, 244, 450, 

455- 56, 482, 491, 539, 600-601, 675, 
700, 736 
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Dolomitization 196, 216, 455-56 
Double oxides 499, 609 
Double salts 122, 435, 455, 464, 478, 752 
Douglasite 66S 

Drachenfels, strontium content in trachyte 
and sanidine 472 
Drainage 273, 275, 293, 296-98 
Dry distillation 355 
Dry land, area of surface 798 
Durkheim, cesium in mineral water 10 
Dufrenoysite 727 
Dumortierite 181, 487-8S 
structure 488 

Dunite 150, 159, 161, 165-66, 424, 450, 476, 
486, 499, 527-2S, 566, 577, 5S5, 611, 
620-21, 643-44, 658, 682, 684, 690-92, 
694, 705, 723, 725, 732, 775 
chemical composition 166 
Durdenite 747 

Dust 310, 312, 314-15, 317, 742 
Dutch East Indies 

barium content in igneous rocks 458 
chromium content in igneous rocks 619 
Co:Ni ratio in igneous rocks 678 
cobalt content in igneous rocks 678 
content of rare-earth metals in igneous 
rocks 510 

gallium content in igneous rocks 719 
lead content in igneous rocks 729 
manganese content in igneous rocks 640 
nickel content in igneous rocks 678 
strontium content in igneous rocks 458 
tin ores 735 

vanadium content in igneous rocks 594 
ytterbium content in igneous rocks 527 
zirconium content in igneous rocks 558 
Dysanalite 607-8 
isomorphism 607-S 
Dysprosium 
abundance 510-11 
geochemical character 511 

E layer 301 

E-value 170-71, 426, 429, 513, 525-26, 565- 
66, 571, 620, 634, 721, 730; see also Mi- 
gration energy 
Earlandite 463 

Early crystallates 424, 429, 451, 461, 473, 
499, 512-13, 524-25, 553, 561-62, 565, 
585, 620-21, 644, 655, 658, 669-70, 
683, 690, 715, 721 

Early magmatic oxides 164, 168-69, 450, 
563-65, 595, 606, 655, 65S, 669, 704, 
710, 721, 730, 739 

Early magmatic stage; see under Magmatic 
crystallization 

Early magmatic sulfides 161-64, 16S-69, 
450, 585, 595, 626, 646, 655, 658, 669, 
679-80, 691-92, 697-98, 703, 70S-9, 
715, 721, *723-24, 733, 740, 744-46, 759 
chemical composition 161-62 
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Earth 370-71, 375-78, 385-410, 538-39, 543, 
545, 757, 775-76, 798 
area of surface 798 
density 371, 798 

geochemical evolution 385-410, 418, 538- 
39, 757, 775-76 
mass 798 
metabolism 394 
pregeological evolution 3S5-92 
primitive 

chemical composition 3S7, 391 
equilibrium in 387, 390 
probable distribution of elements in 92- 
93 

radius 798 
rotation 543, 545 
volume 798 

Earth-acid metals 604-9; see also Colum- 
bium; Tantalum 
Earth acids 508 

Earth-like planets; see Terrestrial planets 
Earth (oxide) 508, 517 
Earth’s crust; see Crust; Lithosphere, upper 
Earth’s interior 

hypothesis of Goldschmidt 76-80 
hypothesis of Kuhn and Rittinann 82- 
83, 385, 390-92, 416 
hypothesis of Washington 75-76, 78-79 
structure 75-S0, S2-83, 370, 385 
Earth’s surface, chemical activity 408 
Echinoderms 452 
Echinus esculentus 365 

Eclogite 79, 424, 462, 476, 513, 566, 606, 
644, 655, 705, 725, 775 
Eclogite shell 79 
Edingtonite 477 
Effusive rocks 230, 559, 716 
Egersund, strontium content in minerals of 
augite diorite 473 

Ekersund, iodine content in anorthosite 760 
Elba, tungsten content in hematite 630 
Electric atmosphere 234 
Electrochemistry 306, 379, 402, 408, 420, 
574, 578-8i 

Electrode potential 229 
Electrokinetic potential 234 

Electrolytic dissociation 192, 213, 227, 420, 
465 

Electron 71, 508, 777 
Electron-escaping tendency 229 
Electron microscopy 202-3 

Electron shell 106-7, 508-9, 787, 796-97 
population of 106-7 

Electronic structure 91, 105, 533, 796-97 
Electrostatic charge 113 
Electrostatic valence 239-40 

Elements 
formation 68-73 
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gravimetric conversion factors 799-S02 
number of compounds, 532 
Elpidite 181 
Eluvial deposits 735 
Emm on it e 477 
Enargite 698 

Endogenic cycle 243, 248, 394, 763 
Endogenic differentiation 224, 243, 413 
Endogenic migration 14, 249, 258-63, 617 
Endogenic phenomena 224, 245, 562 
Endoskeleton; see Skeleton 
Endothermic compounds 37S, 406 
Energy; see Free energy 
Energy content 402 
Energy-exchange elements 322, 5S8 
England, phosphorite deposits 593 
Enstatite 20, 22-23, 145-47, 165, 173, 449, 
451-52, 461, 660 
Entropy, of oxides 89 
Enzyme activators 323, 452, 653 
Enzymes 323, 330, 337, 339, 356, 452, 653, 
662, 701 

Epididymite 181, 445 

Epidote 195, 446, 459, 518, 525, 595, 621, 
641, 733 

Epistolite 181, 60S 
Epsomite 454 
Equalization 394-95 
Equisetum 334, 707 
Equisetum arvense 334 
Equisetum palnstre 334 
Erbium 

abundance 510-11 
geochemical character 511 
ErcJe 508 
Erythrite 680 
Erythrocruorin 662 
Erzgebirge 

lithium content in greisen rocks 424 
rubidium and cesium content in greisen 
rocks 437 

Escape velocity 300, 308, 403, 613, 775 
Esckynite 512 

Essential elements 323, 325-26, 329-31, 462- 
63, 488-89, 505, 553, 598, 637, 653, 686, 
701, 714, 728, 742, 748, 762 
Essexite 746 
Essexite gabbro 230 
Essexite lava 230 
Esters 588 
Estonia 

alum shales 638 

bromine content in oil shale 767 
Etna, copper in fumaroles 187 
Euclase 445 
Eucolite 181, 526, 607 


Eucrites 557 
Eucryptite 427 

Eudialite 181, 475, 565, 567, 607, 758 
Eudidymite 181, 445 
Eulytite 739 
Euphotic zone 363 

Europe, central, molybdenum and tungsten 
in Caledonian and V ariscan igneous rocks 

625 

Europe, southeastern, great dust fall 310 
Europium 

abundance 509-11, 529-30 
in alkali feldspar 526, 530 
bivalent, diadochy 526, 530-31 
discovery 42 

geochemical character 511 
geochemistry 509-11, 526, 529-31 
in igneous rocks 531 
separation from lanthanides 525, 530 
Euxenite 181, 512, 60S 
Evaporates 122, 198-200, 218-21, 223, 225, 
227, 296-97, 299, 35S, 428, 433-36, 440- 
41, 450, 454-55, 460-61, 464, 480-S2, 
484, 490, 494, 496, 505, 517, 575, 579, 
600, 609, 623, 636, 648, 656, 668, 700, 
728, 736, 752-53, 763, 765-66, 769, 782 
chemical composition 220-21 
classification 21 S 

Evaporation 215, 21S-19, 269, 281-S2, 2SS, 
296-97, 299, 311, 316-17, 333, 419, 421, 
434, 454, 470, 4S2, 497, 502, 543, 618, 
717, 766 

annual amount 316-17 
Exchange positions 242 
Exchangeable ions 242 
Excreta 364, 581-S2, 5S9, 592, 666, 747 
Exogenic cycle 161, 1S9-91, 225, 229, 231, 
243, 248, 393-94, 420, 453, 463, 480-81, 
484, 623, 669, 671-72, 696, 727, 730, 
742, 753, 762, 764, 767 

Exogenic differentiation 225, 227, 243, 413, 
609 

Exogenic migration 617 
Exogenic phenomena 14, 562 
Exoskeleton 203, 216, 253, 274, 326, 405, 
452, 463, 469, 479, 4S1, 528, 550, 553 , 
555-56, 5SS, 648, 761, 784 
Exsolution 122, 660-61 
Exsolution intergrowths 661, 704, 709 
Extra-cellular fluids 433, 441-42 
Extrusive rocks 660 

F layer 301 
Fi layer 301 
F 2 layer 301 
Facultative aerobes 340 
Faulnis 344 

Fairfield quadrangle, metasomatic reactions 
in limestone 257 


865 



GEOCHEMISTRY 


Fats 326, 337, 340, 344, 351, 355-56, 4S9, 
718 

chemical composition 326 
Fatty acids 337, 352, 356 
Faya 568 

Fayalite 22, 120-21, 149-51, 172, 622, 641, 
660 

isomorphism 641 
separation from magma 172 
Fecal pellets 5S9 

Feldspar 20, 22-23, 104, 106, 113-17, 119, 
122-24, 126, 129-43, 14S, 153, 159-60, 
164-65, 16S-69, 171-72, 174-77, 181, 
183, 194-95, 200-201, 203-5, 20S, 217, 
261, 2S1, 29S, 397, 424-25, 429-31, 437- 
3S, 444, 448-49, 460, 464, 471-74, 476, 
487, 499-502, 523, 525-27, 530, 551, 
553-54, 597, 600, 622, 646, 659-60, 683, 
710-11, 723-24, 726, 732-33, 763, 772 
cations accommodated in feldspar struc- 
ture 138-40 

chemical composition 135-38, 500 
decomposition 208 
heat of formation 13S-39 
manner of occurrence of sodium and po- 
tassium 430 

separation in alkalie rocks 176-77 
structure 131-35, 142, 499 
see also under each member of this group 
FehFpathoid 119, 131, 140-43, 149, 164, 
201, 430, 449, 460, 474, 500, 64 6, 660, 
6 S3 

structure 140 

Felsic constituents 164, 194 
Femic constituents 262, 426, 448, 451, 456, 
460, 560, 563, 565, 597, 623, 607 
Femic rocks 178, 661 
Fennoseaiidia 

iodine deficiency in soil 767 
lack of uranium deposits 638 
low abundance of uranium 395 
Permoscandia, eastern 
barium content in rapakivi granites 476 
composition of rapakivi granites 167 
fluorine content in rapakivi granites 75S 
indium content in sphalerites 726 
molybdenum and tungsten content in 
shungite 629 

strontium content in rapakivi granites 
476 

vanadium content in shungite ashes 59S 

Ferberite 627, 631, 662 
isomorphism 627 

Fergana 

carnotite and tyuyamunite deposits 63S 
sulfur deposits 755 

Fergusonite 608 

Fermentation 309, 402, 420, 537, 546 
Ferments 546 
Ferric chloride 187 

866 


Ferric feldspar 660 
isomorphism 660 
Ferric feldspathoid 660 
Ferrides 66, 561, 594, 601, 620, 641, 657, 
658, 663, 671, 677, 684 
abundance 66 
atomic structure 657 
cycle 663 

exogenic concentration 684 
geochemical character 65S 
Ferriferous orthoclase 124, 140, 660 
Ferrohortonolite 151 
Ferromagnesite 203, 216, 456 
Ferromagnesium minerals 76, 512, 515, 526, 
577, 611, 644, 660-61, 683, 687, 710, 712, 
772, 782 

Ferrosporic shell 75-76, 78 
Ferrotellurite 747 
Ferruginous chert 675 
Fictive density 259, 395 
Fictive molar volume 259 
Filter-press mechanism 160 
Filtration 333 
Finland 

boron content in bog iron ore 491 
chemical composition of Basement Com- 
plex 33, 35-36 

chromium content in bog iron ores 623 
Co:Ni ratio in bog iron ores 685 
cobalt content in bog iron ores 685 
density of Basement Complex 798 
lithium content of bog iron ores 428 
manganese content in bog iron ores 652 
nickel content in bog iron ores 685 
occurrence of cesium in pre -Cambrian 
rocks 436 

occurrence of strontium, barium, and 
rare-earth metals in granites 474 
radioactivity of granites 782 
rare-earth metals in Archean granites 527 
rubidium in bog iron ores 441 
rubidium and cesium content in pre- 
Cambrian granites 437 
separation of iron and manganese in lake 
iron ores 650 

titanium content in bog ores 564 
Finland, southwestern, magnesia meta- 
somatism 454 

Firedamp 349, 355, 363, 772 
First rain 403-4 
Fishes 718, 742 
Flint 216, 556 

Flocculation 233-35, 554, 649, 668, 673 

Florentium 780 

Florida 

aragonite in marine calcareous sediments 
467 

phosphorite deposits 593 
Flue dust 85-86, 755 
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Fluellite 502, 757 
Fluocerite 518, 521, 757 
Fluorapatite 217, 461, 533, 586, 591, 670, 
758, 761, 763 
Fluorine 

abundance 756 
affinity for 518 
in biosphere 761, 764 
cycle 762-65 

diadochy 144, 156-57, 586, 757-58, 763 

geochemical character 756-57 

geochemistry 756-65 

in igneous rocks 757-60 

in late crystallates 759 

minerals 757, 759 

ores 757 

precipitation as calcium fluoride 763 
in pumice 1S8 

role in precipitation of calcium phosphate 
591, 763-64 
in sea water 763 
in sedimentary rocks 764 
in sediments 591, 763-64 
solubility of fluorides 763 
in surface water 764 
in volcanic gases 764 
Fluorine-bearing micas 759 
Fluorine * chlorine ratio 758 
Fluorine metasomatism 257 
Fluorine-rich amphibole 759 
Fluorine-rich biotite 759 
Fluorite 127, 157, 450, 460, 462, 477-78, 
523-24, 530-31, 635, 670, 732-33, 757- 
59, 762-63, 787 
stability 450 
Fluvial sediments 496 
Fly sch 270 
Fog 315-16 

chemical composition 316 
Fonte di Fiuggi, trace elements in water 277 
Foraminifers 327, 452, 469, 648 

chemical composition of skeletal material 
327 

Foremost field, composition of natural gas 362 
Forest fires 536, 541 
Formaldehyde 
in atmosphere of Venus 375 
formation in atmosphere 306, 321, 408 
in rain water, 312, 40S 
Formaldoxime, formation 408 
Formhydroxamic acid, formation 40S 
Forsterite 119-21, 149-51, 159, 172-73, 449, 
451-52, 622 

separation from magma 172 

F orsterit e-fay aiite series 
nomenclature 151 
order of crystallization 172 

Fossil compounds 303-4, 358, 377, 541-42, 
576, 614-17 


Foul mud 344 

Fractional crystallization; see Magmatic 
crystallization 
Fractional leaching 333 
Fracture zones 716 
Framework-forming elements 322 

France, bauxite deposits of Central Plateau 
506 

France, central, helium content in mineral- 
water gases 772 

France, southern, bauxite deposits 506 
Francium 422, 778, 7S1 
chemical properties 781 
geochemistry 781 
isotopes 781 

occurrence in Nature 6S, 781 
Francolite 22, 217, 591 
Franklinite 661, 710 

Fredrikshald, iodine content in granite 760 
Free energy 

of formation SS-91, 102-3, 372 
of isomorphic replacement 102-3 
in metamorphic processes 249 
of oxidation 388 
Freibergite 704 

Fresh water 264-65, 273, 297, 340, 421, 618, 
637, 647, 672, 741, 750, 761-62, 767 
manner of occurrence 264-65 
total mass 265 
total volume 264-65 
see also Surface water 
Fresh-water biocycle 319-20 
Front of granitization 262 
Front of migmatitization, 258, 262 
Fuchsite 153, 621, 623 
Fucus vesiculosus 479, 488 
Fuels 343, 349, 402, 407, 537, 546-47 
combustion of 307, 309, 313-15, 402, 407, 
536-37, 541, 546-47 
see also Coal; Petroleum 
Fumarole deposits 1S7-SS, 4S9, 495, 661, 
760 

mineralogical composition 188 
Fumarole gases 185-86, 189, 2S0, 363, 417, 
751, 764 

chemical composition 1S6, 1S9, 751, 764 
Fungi 337, 341, 344, 553, 581, 583, 628, 707, 
72S 

7 -rays 71, 509 

Gabbro 80-81, 136, 146-47, 149, 151, 157, 
159, 161, 164-66, 168, 174, 178, 230, 232, 
260-61, 397, 424, 430, 437, 444, 476, 486, 
499, 506, 512, 516, 524, 527-28, 557, 562, 
564, 566, 577-78, 593, 595-96, 606, 611, 
620-22, 626, 643, 646, 658, 661, 669, 682, 
691, 711-12, 716, 723, 725, 731-33, 739, 
745-46, 760 

chemical composition 166 
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Gabbro pegmatite 178, 524, 562, 593 
Gabbro picrite 622 
Gabbroization 261 

Gadolinite 135, 445, 518-19, 521, 655, 691 
Gadolinium 
abundance 510-11 
geochemical character 511 
Gahnite 710 
Galaxite 642 
Galaxy 70, 3S2 

Galena 127, 182, 188, 201, 26S, 642, 693, 704, 
727, 731, 734-35, 737, 740, 745 
isomorphism 704 

mixed crystals with antimony minerals 
740 

oxidation 735 
structural type 642 

Galena-silver minerals intergrowth 704 
Galilee, Sea of, hot springs 2S2 
Gallium 

abundance 719 
affinity for sulfur 724 
in biosphere 728 
bivalent, diadochy 725 
chemical properties 722 
co-ordination 240, 720-21 
cycle 727-2S 
E-value 721 

geochemical character 100, 720 
geochemical coherence with aluminum 
720-22, 727 
geochemistry 719-2S 
in igneous rocks 720-27 
isomorphism 
of arsenide 725 
of phosphide 725 
in late crystallates 721-22, 730 
ores 724 

regional variations in abundance 719 
in sedimentary rocks 728 
in sediments 7 27-2 S 
in sphalerite 721, 724-26 
trivalent, diadochy 720-21, 727, 730 
Gallium : aluminum ratio 721-22 
Gallium: iron ratio 727 
Garnet 124, 195, 222, 449-50, 462, 473, 513, 
517, 524-27, 560-62, 587, 590, 621, 641, 
705, 710, 730 

Garnet if erous mica schist 517 
Garnierite 681, 684, 687 
Gases 

in meteorites 369, 415 
molecular velocity 308 
natural 185-86, 189, 268, 273, 276, 2S0, 
288, 291-92, 300, 312, 338, 341, 350, 
355-56, 360-63, 401-2, 417, 420-21, 
4S5, 494-95, 577-79, 613, 750-51, 755, 
764-65, 772-74, 776-77 
classification 360 
occluded 300, 360, 369 
permanent 372 
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Gastropods 215, 335, 469, 762 
Gaylussite 435, 461 
Geikielite 103, 449, 452, 559, 642 
stability 103, 452 

Gels 202, 210, 233, 235, 502, 505, 553, 636, 
650, 672-73 
Genthelvite 445 
Geobotanical prospecting 334 
Geochemical affinity 84-85, 88, 233 
Geochemical balance 294-95, 492, 505 
Geochemical calculations, expression of con- 
centration or content 803-4 
Geochemical character of elements 91, 94- 
103, 388, 413, 657 

Geochemical classification of elements 86-92 
Geochemical coherence 48 

effect of lanthanide contraction on 107-11 
see also under element names 
Geochemical concealing; see under Diadochy; 
Isomorphism 

Geochemical cycle 189, 224, 249, 339, 345, 
347, 366, 405 

Geochemical differentiation 13-14, 84, 93, 
158, 224, 229, 243, 25S, 386, 389-94, 
396, 409, 498 

first 13, S4, 93, 158, 229, 386, 389, 394 
fourth 409 

second 14, 93, 158, 243, 3S9, 392, 394 
third 14, 243, 393 

Geochemical evolution 385-410, 418, 538- 
39, 757, 775-76 

Geochemical shells, Geochemical spheres; see 
Geospheres 

Geochemical structure of the Earth 74-83, 
260, 385-8S 
Geochemistry 
definitions 1-2, 4-5 
history 8-11 
tasks 5, 103, 368 
Geodetic data 798 
Geogram 264 
Geological age 771 
Geological chemistry 8 
Geological thermometer 512 
Geological time 18, 70, 386, 393, 492-94, 
537, 540, 544, 614, 616, 750, 765, 773, 
778, 782 

Geology, chemical 3-4, 6 
Geomicrobiological prospecting 362 

Geospheres 7, 13, IS, 75-78, 82, 84, 87, 92, 
243, 252, 293, 300, 319-20, 337-38, 3S7, 
409, 413, 417-1S, 423, 498, 538-40, 570, 
580, 610-11, 616, 634 
distribution of elements in 84-93, 387-88 
formation 387-88 
relative weights 320 

Geosynclinal basins 81 
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Geosynclinal sediments, granitization 261 
Geosynelines 248, 261 
Germanite 726, 734 
Germanium 
abundance 729 
affinity for sulfur 733 
in biosphere 331, 736-37 
bivalent, precipitation 736 
cycle 734-36 
diadocby 730 
E-value 730 

geochemical character 100, 729-30 
geochemical coherence with silicon 730 
geochemistry 729-31, 733-37 
GeS n complex in sulfosalts 734 
in igneous rocks 730-31, 733-34 
isomorphism of germanates 730 
in late crystallates 730-31 
in meteorites 18, 729 
minerals 734 

in pneumatolytic deposits 730 
in sea water 735 
in sedimentary rocks 735 
in sediments 735 
Germany 

bauxite deposits 506 
boron in igneous rocks 485-86 
copper in bituminous shales 699 
indium content 

in igneous rocks 725 
in sedimentary rocks 728 
lithium content in igneous rocks 424 
rubidium and cesium content in igneous 
rocks 437 

strontium content in igneous rocks 476 
thallium content 
in igneous rocks 725 
in sedimentary rocks 723 
Gersdorffite 680 
Geyser water 277-78 
Geyserite 216-17, 556 
chemical composition 217 
Giant Group, composition of geyserite 217 
Giant planets 370-74, 377-81, 386, 415, 532, 
574 

atmospheres 377-SI, 415, 532, 574 
chemical composition 373 
composition of protoatmospheres 371, 374, 
378-80 

density limits of shells 372 
internal constitution 370-72, 415 
models 371-72 
Gibbsite 204, 240, 506 
Gilead, composition of illite 206 
Glacial clay 33, 36, 504 
Glacier ice 
total area 264 
total volume 264 
Glacier shrinkage 265 
Glaciers 264-65 
Glaserite 122, 187, 284, 434 


Glauberite 188, 434, 461 
Glaucochroite 151, 459 
Glaucodot 680 

Glauconite 203, 298, 405, 428, 432-33, 441, 
491-92, 517, 529, 600-601, 665, 675- 
76, 685, 741 
formation 432 
structure 676 

Glauconite-bearing sediments 600 
Glauconitic sandstone 491, 517, 529 
Glaucophane 250 
Global lateritization 617 
Global migration 259-60, 396 
Globigerina ooze 348, 405, 479, 482, 491, 517, 
529, 784-85 

Globigerinae 348, 405, 479, 482, 491, 517, 
529, 784-85 

Gneiss 244, 246-47, 531, 572, 602 
Gneissose granite 531 
Goderich, composition of rock salt 220 
Goethite 213, 240, 650, 673 
structure 673 
Gold 

abundance 702 
affinity 
for 747 

for tellurium 703 
alloys 690, 703, 716 
in anthroposphere 707 
in biosphere 334, 707 
chemical properties 706 
colloidal solutions 705-6 
cycle 706-7 

geochemical character 99, 702, 703, 705 
geochemical coherence 
with copper 703 
with silver 703 
geochemistry 702-7 

in hvdrothermal arsenides and antimonides 

. 705 

in igneous rocks 703-5 
in late crystallates 704 
minerals 690, 705 
native 182, 703, 705-7 
in native iron 703 
ores 706, 755 
in sea water 707 
in sediments 706-7 
in zone of cementation 706 
Gold amalgam 705 

Goldschmidt enrichment principle 333-34 
Grangesberg, iron content in ore 669 
Granite 34-37, 76, 78, SI, 101, 128, 136, 146, 
149, 155-56, 160-61, 165-69, 178, 230, 
232, 246, 255-56, 258-63, 266-67, 389- 
90, 393-94, 396, 398, 424, 426-27, 429- 
30, 436-39, 443-44, 446, 474-76, 47S, 
485-87, 493, 500, 507, 512, 514, 516, 
518, 523-24, 527-28, 531, 539, 552, 560, 
565-66, 568, 571-72, 577-78, 587, 596- 
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Granite — continued 

97, 605-6, 609, 611, 621-22, 626-27, 
630, 634, 637-38, 643-44, 646, 658, 661, 
679, 682-S3, 687, 693, 705, 711-12, 716, 
723-26, 730-34, 739, 745-46, 760, 773, 
775, 782, 784, 7S6 
chemical composition 166-67 
salt solutions in cavities of 266-67 
Granite gneiss 531 

Granite pegmatite 9, 101, 136, 148, 156, 
177-81, 266, 427, 438, 445, 472, 476-77, 
486, 502, 512-13, 518, 521-24, 526, 552, 
565-66, 587, 607, 625, 627, 634, 643- 
44, 646, 691, 724, 745 
elements concentrated in 179-80 
Granite syenite 136 
Granitic ichor 260-61 
Granitic layer SI 
Granitic shell 76, 78 
Granitization 37, 128, 246, 2 59-63, 396 
Granitophile elements 259, 396 
Granitophobe elements 259-60, 396 
Granodiorite 36-37, 81, 128-29, 165-66, 256, 
261, 396, 430, 596, 611, 658, 711, 723, 
760 

chemical composition 166 
Granodioritization 261 
Granulite 526 

Graphite 20, 244, 533, 536, 541, 599 
cycle 541 

Graphite gneiss 244 
Graphite schist 244 
Grasses 553 

Gravel 190, 196-98, 200, 572 
Gravimetric conversion factors 799-S02 
Gravitational field 
differentiation in, 71, 401 
effect on chemical equilibrium in rocks 
259 

Gravity, separation by 160 
Graywacke 200 
Grazing animals 6S6, 701 
Great Bear Lake 
plutonium in pitchblende 78S 
uraninite deposits 638, 785, 78S 
Great Britain, analyses of igneous rocks 32 
Great Salt Lake 

chemical composition of water 285-86 
closed basin, 282, 285-86 
occurrence of bacteria in 340 
salinity of water 218, 285-86 
Greenalite 665, 675-76 
structure 676 
Greenland, southern 
nepheline syenite 177 
pegmatites 182 
Greenockite 712-13 
structure 712 


Greensand 601 

Greisen 424, 427, 436-37, 476-77, 609, 644, 
721, 725, 730-32 
Grossularite 119, 446, 459, 462 
Ground water 210, 213, 218, 264, 268-71, 
279-81, 297, 299, 470, 579, 591, 597, 
599, 603, 613, 629, 635-36, 638, 644 
649, 699, 712, 767, 783 
chemical composition 268 
role in weathering 268 
Ground-water table 699 
Guano 197, 321, 454, 461, 582, 592-93, 601 
mineralogical composition 592 
Gudmundite 740 

Gulf of Bothnia, calcium carbonate in water 
467-68 

Gulf of Finland 

calcium carbonate in water 467-68 
changes in carbon dioxide tension in water 
545 

Gypsum 192, 196, 219, 350, 357, 41S-19, 460, 
480-81, 484, 496, 579, 749, 752, 755 
Gypsum-bearing rocks 481 

Habitat 319 
Hafnium 

abundance 557-58 
in biosphere 569 
co-ordination 565 
diadoehy 567 
discovery 66 

effect of lanthanide contraction on geo- 
chemistry 109-10 
geochemical character 557-58 
geochemical coherence with zirconium 
109, 111, 567, 585, 604, 722 
geochemistry 557-58, 567-69 
HfCLrZrCb ratio 568 
ores 56S 

in zirconium 56S 
in zirconium minerals 568 
Hagatalite 519 

Haldde Observatory, chlorine content in pre- 
cipitation and surface water 315-16 
Halemaumau, composition of volcanic gases 
184-85 

Halite 219, 2S4, 42S, 434-35, 579, 765, 772 
Halloysite 203-7, 212, 554 
chemical composition 206 
structure 207 

Halmyrolysis 298, 432, 675 
Halogens 756-69, 7S0 
geochemistry 756-69 
Halophilic bacteria 340 
Halophytes 331 
Hambergite 445 

Hamburg, content of sulfur trioxide in pre- 
cipitation 314 
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Hamlinite 477 
Hanksite 284 
Hard water 269 
Harmotome 477 

Harz Mountains, thallium content 
in granites 725 
in pneumatolytic biotite 724 
Harzburgite 165 
Hauente 642, 646 
isotypy 642 

Hausmannite 642, 651-53 
Hauynite 140-41, 460, 744 

Hayes Spring, content of trace elements in 
water 279 

Head (comets) 368-69, 376 
Heat, radioactive, generation in lithosphere 
633 

Heat of formation 89, 138-39, 171, 458, 560, 
652, 753 

Heat of vaporization, latent 387 
Heavy metals in juvenile waters 279 
Heavy minerals 194, 202, 636, 694, 763, 782 
Heavy water 306, 421, 618 
Hedenbergite 20, 22, 145, 147, 459, 641 
Helium 

abundance 71-73, 770-71 
in atmosphere 308, 771 
deposits 772-74 
geochemical character 770 
geochemistry 770-74 
in igneous rocks 771 
isotopes 570, 633, 774 
in meteorites 770-71 
in minerals 120, 771-72 
in natural gases 361-63, 772-74 
primordial 773-74 
production 

by nuclear transmutations 772 
in radioactive decay 771, 773-74 
radiogenic 771-72, 774 
total quantity 774 
Helium excess 772 
Helium gases 361-62, 772-74 
Helium method 771 
Helium retentivity 772 
Helvite 445-46, 641, 744, 758 
Hematite 140, 187-8S, 201, 212-13, 232, 
563, 630, 650, 659-61, 669, 673, 675 

Hemicellulose 340 
Hemimorphite 117, 119, 711-12 
Hemisphere, Western, borate and nitrate de- 
posits 495 

Hemochromogen 352 
Hemocuprein 335, 701 
Hemocuprin 701 
Hemocyanin 335, 701 


Hemoerythrin 662 
Hemoglobin 331, 662, 701 
Henry’s law 543 
Hepatocuprein 335, 701 
Herbivores 580, 589 
Hercynite 164, 559, 661 
Herderite 445 
Herzenbergite 734 
Heterogenite 680 
Heterotrophic bacteria 340, 750 
Heterotrophic plants 337 
Hetta 

barium content in granite 476 
strontium content m granite 476 
Heulandite 460 
Hewettite 597, 603 
Hexagonal closest packing 173 
Hexahedrites 21, 23-24 
Hexahydrite 454 
Hickory 333, 531 

Hickory, composition of halloysite 206 
Hillebrandite 460 
Hornesite 454 
Hofmeister series 242 
Hollandite 484, 630 
Holmium 
abundance 510-11 
geochemical character 511 
Holmquistite 427 
Holosteum umbettatum 334 
Holothurians 335, 598 
Homarus vulgaris 365 
Homilite 181 
Homo sapiens 328 
Homogenization 391 
Horizon of accumulation 210-11 
Hornblende 130, 14S-50, 165-66, 174-76, 
194-95, 449, 459, 4S6, 499-501, 512, 
561, 597, 611, 622, 643, 645, 65S, 758, 764 
separation from magma 174 
Hornblende gabbro 512 
Hornblendite 166, 499, 611, 643, 658 
chemical composition 166 
Hornfels 244, 247, 764 
Horny corals 762 
Horny sponges 762 
Horsetail 334, 553 
Hortonolite 151 

Hot springs 184, 187, 199, 215-16, 218, 220, 
264, 276-78, 280, 282, 340, 363, 4S3, 
535, 556, 637, 644, 675, 716, 731 
classification of waters 276 

Hubnerite 627, 631, 642 
isomorphism 627 
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“Humates” 346 
Humboldtine 662 
Humic coal 349 

Humic complexes 205, 210-12, 333, 346, 357, 
503, 537, 599, 647, 651, 664, 668, 674 
Humites 343-44, 349-51 
chemical composition 349-50 
Humus 212, 236, 247, 268, 273, 312, 333-34, 
338, 340, 344-50, 601, 637, 699, 707, 742, 
767 

amount of organic matter in 345 
chemical composition 345 
formation in soil 347-48 
geochemical role 345-47 
Humus nucleus 348 
Hutchinsonite 95, 726 
Hyalophane 132, 471, 477 
Hyalosiderite 151 
Hydrargillite 204, 209, 240, 506 
Hydrated radius 234 

Hydration, 192, 234-35, 242, 433, 4S1, 61S, 
628-29, 636 

effect on replaceability 242 
Hydrides 418 
Hydroboracite 496-97 
Hydrocarbon enrichment 351 
Hydrocarbon gases 361 
Hydrocarbon -oxidizing bacteria 341, 362 

Hydrocarbons 232, 26S, 340-41, 344, 350- 
57, 360-62, 379-SO, 421, 537, 59S-99, 
603, 628, 635, 6S6, 755 

Hydrochloric acid 

amount released bv fumarolic activity 
1S9, 417 

in rain water 314 

Hydrofluoric acid, amount released by furna- 
rolic activity 1S9, 417 

Hydrogarnet 126 
Hydrogen 

absorption by iron 391 
abundance 43, 415-16 
in atmosphere 265, 418-20 
in biosphere 327-28, 420 
cycle 418-20 

geochemical character 415-16 
geochemistry 415-21 
in hydrosphere 418-20 
in hydroxides 239 
in igneous rocks 417-18 
isotopes 420-21, 550 
in meteorites 416 
in mineral structures 417-18 
in sediments 341 

transmutation into helium 72-73, 415, 770 
Hydrogen acceptors 341 
Hydrogen bond 238-41, 418, 749 
Hydrogen core; see Solar-material core 


Hydrogen: helium ratio 415 
Hvdrogen-ion concentration 227-30, 342, 
346, 363, 393, 405, 722 
effect on redox potential 230 
see also pH 

Hydrogen peroxide, formation in atmosphere 
306 

Hydrogen sulfide 

amount released by fumarolic activity 
189, 417, 751 
in natural gas 361 

Hydrogen-sulfide-liberating bacteria 750-51 
Hydrogenation 232, 340-41, 355, 357 
Hydrogeochemistry 4 

Hydrolysis 192-93, 198, 202-3, 23S, 294, 
327, 446-47, 455, 563, 566, 573, 609, 
649, 663-64, 666, 741 

Hydrolyzates 198-99, 202-12, 214-15, 219, 
225, 237-38, 240-41, 296-97, 299, 419, 
428, 431, 433, 440, 446, 453, 463-64, 
483, 490-92, 504-5, 516, 52S-29, 531, 
541, 555, 562-64, 566, 573, 589-90, 599- 
600, 609, 623, 630, 636, 648-49, 652, 
656, 668, 674, 683-85, 694, 699, 706-7, 
713, 717-18, 727-28, 735-36, 741, 752- 
53, 764, 767-68 
secondary minerals in 203 
Hydrophilite 460 

Hydrosphere 7, 14, 32, 47, S1-S2, 187, 223, 
244-45, 264-300, 303-4, 309, 311, 315, 
319-20, 338, 344, 363, 366, 378, 385, 
393-94, 397, 399, 403-5, 407, 409, 416- 
19, 4S5, 4S9-91, 493, 538-40, 542, 589, 
610, 612-13, 616, 717, 751-52, 757, 763, 
765-66, 775, 798 

chemical composition 265, 416, 612-13, 616 

evolution 403-5 

formation 403-5, 752 

primordial 304, 397, 403-4 

total mass 419 

Hydrospheres, planetary; see under Planets 
Hvdrothermal deposits 161, 179, 1S2-S4, 
205, 232, 397, 439, 461, 472-73, 477- 
78, 4S0, 4S7, 514, 523, 530-31, 533, 586, 
597, 627, 630, 634-35, 638, 642, 644-46, 

655, 661, 674, 679, 6S5, 693, 696, 698, 
704-5, 709, 711-12, 716, 721-22, 72S, 
731, 733, 746-47, 759, 781 

classification 183 
elements concentrated in 179 

Hydrothermal emanations 184 
Hydrothermal metamorphism 245, 256 
Hydrothermal replacement 178, 182 

Hydrothermal solutions 182, 227-28, 260, 
397, 427, 446, 456, 477, 489, 597, 644, 

656, 671, 675, 741 

Hydrotroilite 216, 674 

Hydrous minerals 395, 419, 460, 503, 529, 
568, 618, 628-29, 633, 636, 645 
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Hydroxides 

pH of precipitation 228 
structure 238-41 
Hydroxyl bond 238-41, 417 
Hydroxyl group 

diadochy 144, 156, 586, 757-58 
in mineral structures 417, 486-87, 586, 645 
structure 239 
Hydroxylapatite 480, 586 
Hygroscopic water 264, 416 
Hypabyssal rocks 230 
Hyperfusible constituents 177 
Hypersthene 20, 22-23, 129, 145-47, 168- 
69, 194-95, 526, 559, 660, 683, 730, 759 
Hypersthene granite 169 

Ice 264, 418 
Ice layer 371-72 
Iceland, hot springs 280 
Ichor 260-61 

Idaho, phosphorite deposits 593 
Idocrase 446, 460 
Igneous (term) 128 

Igneous rock, average 35, 37, 76, 81, 129-30, 
159, 222, 294-95, 773 
mode 129-30 
norm 129-30 
Igneous rocks 32 et seqq. 
abundance of elements in 39-40, 44-45, 
98, 332 

accessory minerals 131, 155-57 
chemical composition 33, 97, 159, 166-67, 
173-74, 221-22, 226, 417-18, 422, 424- 
26, 428, 437, 440, 444, 451, 464, 476, 
478, 480, 492, 534, 538-39, 558, 564, 
566, 571, 574-78, 596, 604, 606, 610- 
12, 615-16, 621, 626-27, 634, 643-44, 
658, 666, 668, 678-79, 681-82, 691- 
92, 697, 725 

chemical differentiation 157-S9 
composite mixtures 40, 625 
decomposed 

total quantity 221-23, 294-95, 419, 
433, 616, 773 
^ total volume 224 

eight main constituents 33-34, 115, 130- 
31, 462, 585 

gases in 300, 360, 577-78 
mineralogical composition 128-57, 429 
order of abundance of elements 42-43 
oxidation state of iron 230 
quantitative distribution 35 
redox potential 26, 92, 230, 596-97, 645, 
702 

salt solutions in cavities 266-67 
sulfide minerals 745 
sulfide phase 97 
“Igneous” water 275 
Ilimausak, nepheline syenite 177 
Illinium 780 


SUBJECT INDEX 

Illite 203-6, 212, 237, 242, 405, 433, 503 
chemical composition 206 
structure 205 

Ilmen Mountains, nepheline syenite 177 
Ilmenite 103, 127, 157, 159, 161, 164, 175, 
195, 198, 201, 452, 558-59, 562-64, 586, 
596, 623, 642, 645, 660-661, 664, 668, 
670, 710 

abundance in igneous rocks 157, 559, 586, 
645, 660-61 

chemical composition 157, 642 
miscibility with magnetite 670 
stability 103, 452 
Ilmenit e-hematite intergrowth 661 
Ilmenite sand 198, 564 
Ilmenorutile 691, 704 
Ilsemannite 188, 628-29 
formation 629 
Impilahti 

scandium content in wiikite 513 
wiikite in granite pegmatite 513, 522 
Incoalation 197, 351 
Incongruent melting 171 
India 

titanium ores 563 
zircon ores 567 
Indiferous amphibole 726 
Indium 

abundance 719 
affinity for sulfur 723-24 
in biosphere 728 
in chalcopyrite 100 
cycle 727-28 

diadochy 515, 723, 725-27 
geochemical character 100, 720 
geochemistry 719-20, 723-28 
in igneous rocks 720, 723-26 
isomorphism of orthoborate 497, 515, 727 
in late crystallates 723 
ores 724, 726 
in pyrite 100 
in pyrrhotite 100 
in sedimentary rocks 72S 
solubility of borate 497 
in sphalerite 100, 724-26 
Indium provinces 726 
Induration 505 
Industrial waste waters 270 

Inert gases 276, 291, 309, 39S-99, 402, 770- 
77,783 

atmospheric, origin 402 
chemical properties 770, 776 
fluctuations in abundance 77 6 
geochemistry" 770-77 
solubility 770 

Infiltration 128, 358 
Inkohlung 351 
Inland ice 264 
Inorganic gases 360 
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Inosilicates 119, 143 
Inositol hexaphosphate 452 
Insects 320, 442, 583 
Intergranular diffusion 254-55, 396 
Intergranular film 250, 254, 256 
adsorption phenomena in 256 
Intermediate layer 81 

Intermediate rocks 151-52, 175, 182, 507, 
512, 523, 571, 626, 634, 697, 705, 723, 
725, 784 

Intermolecular combustion 357 
Intermolecular forces, effect on diffusion 256 
Internal diffusion 255 
Internaljmetamorphism 24S-52 
Internal slip 250 

Interplanetary space 300, 303-4, 308, 390, 
400, 420, 613, 773-74 
Interstellar clouds 383-S4 
Interstellar gas 369, 3S1-84 
abundance of elements 3S3-84 
collisions in 382 
and smoke 
mass 3S2 
volume 382 

Interstellar matter 368-69, 381-84 
abundance of elements 382-84 
classification 381 
composition 382-84 
density 382 

Interstellar smoke 381-82, 384 
density 3S2 

Interstellar space 381-84, 415 
abundance of elements 383-84 
dissociation in 882 
equilibrium in 382 
molecules in 381-83 
Intra-stratal solution 195 
Intrusive rocks 230, 716 
Invariable elements 322-24, 326, 328 
Invertebrates 326, 364, 592, 662, 701 
lodargyrite 768 
Iodine 

abundance 756 
in atmosphere 307, 767 
in biosphere 335, 761-62, 767-69 
cycle 765-69 

in early magmatic sulfides, 7 59 
geochemical character 756-57 
geochemistry 756-57, 759-62, 765-69 
in igneous rocks 759-61, 767 
native 767 

in natural waters 767-69 
ores 768-69 

in petroleum brines $58-59, 768-69 
precipitation 
as iodate 769 
as iodide 768 

in secondary lead minerals 768 
in sedimentary rocks 768 
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in sediments 221, 767-69 
solubility of iodides 760 
Iodogorgoic acid 762 
Iodyrite 768 
Ion cloud 234 

Ionic bond 95, 105, 239-40, 418 

Ionic charge 106-8, 125-26, 172-73, 234, 
236, 242, 329, 445, 623, 638 
effect 

on diadochy 125-26 
on migration energy 172-73 
on replaceability 242 

Ionic diffusion 197, 253-56, 260-61 
effect of ionic size on 255 
intergranular 197, 254-55 

Ionic exchange 298 
Ionic oscillation 170-71 

Ionic potential 236-38, 432, 440, 446, 483, 
528 

Ionic radius 105-14, 122, 155, 166, 171-73, 
180, 234, 236, 255, 262, 329, 426, 429, 
432, 436-37, 444, 471, 509, 513, 515-16, 
525, 560-61, 564, 567, 587, 595-96, 
612, 622, 628, 632, 634, 645, 656, 659, 
682-83, 697, 703, 709-12, 716, 720-23, 
730, 740, 746, 757-59, 794-95 
effect on 

of actinide contraction 112 
of lanthanide contraction 109-10, 604, 
628 

of position in Periodic System 106-13 
hydrated 234 

Ionic size 105-13, 121-22, 389, 393, 435-37, 
444-45, 451, 460, 471, 478, 487-88, 509, 
516, 518, 567, 571-72, 604, 606, 623, 632, 
638, 644, 648, 659, 683, 772, 786 
dependence of co-ordination number on 
117-18 
effect 

on diadochy 121-22 
on ionic diffusion 255 
on migration energy 171-72 
on mobility of elements 262 
on replaceability 242 

Ionic solutions 197, 212, 215, 218, 233, 238, 
268, 271, 296, 298, 431, 502, 528, 553, 
555, 578, 589, 665-66, 699, 705, 734-35 
Ionic sorption 233 
Ionic structure 114 
Ionium 784 

Ionization potential, effect on diadochy 123- 
24 

Ionosphere 301-2 

Iraq, tars in oil-bearing rocks 360 

Ireland, northern 

chromium content in lateritic iron ores 623 
titanium content in latent e-bauxite ores 
563-64 
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Iridium 

abundance 689 
alloys 690 
in chromite 691 

geochemical character 101, 688-89 
geochemistry 688-94 
in magmatic sulfides 692 
minerals 690 
native 690 
Iridosmine 690 
Iron 

abundance 63, 657-58 
affinity 

for oxygen 649 

for sulfur 646, 657, 697, 709, 744 
in biosphere 211, 289, 662, 666-67, 674 
chemical composition of iron carbonate 217 
chemical properties 649, 652, 663 
colloidal solutions 664-66, 668, 672-74 
co-ordination 124, 138, 240, 683 
cycle 663-69 
decomposition 

of ferrous carbonate 663 
of iron orthotitanate 670 
deficiency in pyrrhotite 21, 120, 163, 744 
dissociation of ferric hydroxide 664 
enrichment 
endogenic 671 
exogenic 671-72, 684 
primary 671 
secondary 671 

Fe 3+ :Fe 2+ ratio 230, 426, 659 
Fe 2 0 3 :Fe0 ratio 615-16, 666-67 
ferric, diadochy 148, 204, 502-3, 513, 526, 
561, 595-97, 606, 622, 645, 659, 670, 
721, 727 

ferric hydroxide in sediments 195-96, 198- 
99, 209, 211, 213, 218-19, 231, 236, 
272, 297, 409, 506, 516, 596, 667, 669, 
672-75, 753 

ferrous, diadochy 120-21, 125, 147, 155, 
174, 451, 471, 474, 487, 502, 513-14, 
606, 611, 623, 645-46, 648, 659, 670, 
680, 682, 697, 709, 723, 726-27, 732 
ferrous carbonate in sediments 215-17, 
297, 596, 600, 663-64, 669, 672-73, 
675 

geochemical character 657-58 
geochemical coherence 
with chromium 620 
with manganese 641, 643-44, 647, 649 
geochemistry 657-76 

in igneous rocks 166-67, 172, 615-16, 643, 
658-62, 668 
isomorphism 

of ferrous carbonate 514-15 
of iron orthotitanate 670 
of iron tungstate 514, 608 
in magmatic iron ores 669 
Mg:Fe ratio; see under Magnesium^ 
miscibility of ilmenite and magnetite 670 
native 229, 659, 690, 696, 703, 738 
in natural waters 213, 228, 315, 663-68, 
672-75 


occurrence of iron columbate and tamta- 
late in cassiterite and wolframite 608 
oxidation 

of sulfide minerals 663, 668 
in weathering solutions 664, 667, 674 
oxidation states 230, 649, 659, 663, 666- 

67, 673, 683 
precipitation 

as ferric hydroxide 647, 649-51, 664- 
69, 672-75, 699 

as ferrous carbonate 663-64, 669, 672- 
75 

as ferrous hydroxide 665 
as phosphate 669 
as silicate 668-69, 675 
as sulfide 668-69, 674, 750-51 
during weathering 213, 647, 649-51, 
663-69, 672-75 

as a respiratory pigment in upper litho- 
sphere 395, 672 

in sedimentary rocks 615, 667-68 
in sediments 211, 615, 649-51, 664, 667- 

68, 672-75 
separation 

from aluminum in exogenic cycle 229, 
665 

from manganese during weathering 
649-5 i 

silicate minerals in sediments 213, 668- 
69,673, 675-76 

solubility of compounds 646, 651, 664, 666 
solution during weathering 647, 649-51, 
663-64, 666 

stability of compounds 647-48, 651-52, 
663-64, 666, 669-70, 674, 683 
structure of ferrous carbonate 515 
sulfide minerals in sediments 214, 348, 

668- 69, 673-74, 727, 741, 753-54 
transfer percentage 665 

in upper lithosphere 617, 671 
Iron family 561, 594, 641, 657, 677 
Iron hypersthene 147 

Iron-magnesia-silicate metasomatism 256, 
454 

Iron-magnesium front 262 
Iron Mountain, helvite deposits 641 
Iron-nickel core; see Nickel-iron core 
Iron ores 

apatite-hearing 595-96, 669-71 
bog iron ores 214, 428, 441, 447, 491, 564, 
590, 601, 623, 630, 650, 652, 661, 665, 
673, 684-85, 699, 713, 741, 784 
chromiferous 159, 620, 669-70 
Clinton-type deposits 672 
contact metamorphic 667, 672 
lake iron ores 483, 650, 665, 673, 699, 713, 
741,784 

laterifce-bauxite ores 428, 441, 447, 491, 
563-64, 600-601, 623, 652, 667, 684-85 
magmatic 486, 513, 527, 593, 620, 667, 

669- 72, 721, 739 
magnetite ores 620, 669 
manganiferous 486, 529, 653 
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Iron ores — continued 

in met amorphic rocks 595, 667, 672 
metasomatic 667, 672 
Minette ores 482, 603, 672 
oolitic 428, 441, 491, 564, 600-601, 623, 
652, 665, 672-73, 6S4-85, 735 
oxide ores 602, 620, 669, 671-72, 676, 741 
phosphoriferous 593, 669-71, 673 
secondary magmatic 667 
sedimentary 199, 213, 225, 342, 428, 
441, 447, 482, 491, 516-17, 529, 600- 
601, 603, 618, 630, 651, 663, 671-76, 

7 < 9 <r_pc 717 7 kj , 

siderite ores 428, 441, 491, 564, 601, 623, 
651-52, 6S4-85, 741 
skarn ores 446, 672 

titaniferous 159, 164, 450, 562, 595-96, 
606, 620, 626, 658, 667, 669-71, 681 
vanadiferous 602 
Iron-rich biotite 181, 438, 561 
Iron -.sulfur ratio 162 

Irons (meteorites) 20-30, 74-77, 369, 422, 
443, 485, 49S-99, 532-33, 551, 570, 5&4, 
605, 610, 619, 632, 640, 654, 657-58, 
67S, 689, 695, 738, 756, 770, 782; see also 
Meteorites, metal phase 
abundance 29 
chemical composition 26 
gases in 369 

mineralogical composition 27 
textures 24 

Isobar rule 51, 61-62, 6S 
Isobars 50-51, 61-63, 6S, 423-24, 776-77, 
779 

/3-active 62, 777 
Isochemical metamorphism 248 
Isoelectric point 346 
Isolated basins 21S 

Isomorphic mixtures 102, 120, 136, 472, 477, 
515, 572, 598, 607-8, 621, 627-28, 641- 
42, 670, 704 

Isomorphic replacement 90, 102-3, 254 
free energy of 102-3 

Isomorphism 21-22, 120-22, 135-37, 141- 
42, 471-73, 477, 497, 514-15, 519, 571- 
72, 597-98, 607-8, 621, 627-28, 641-42, 
655, 660, 670, 693, 704, 713, 723, 725, 
727, 730, 739 

Isostatic adjustment 393 
Isostatic movements 258 
Isothermal region 307 
Isotones 50, 66 

Isotopes 10, 46, 49-58, 62-63, 67, 402, 420- 
24, 478-79, 509, 548-50, 570, 583, 618, 
632-33, 654, 737, 772, 774, 776-81, 783, 
785-88 

chemical behavior 49 
discovery 67 
exchange 549-50, 618 
fractionation 49, 51, 548-50, 618 


number of 62 
relative abundance 51-58 
Isotopic molecules, vibration frequence 49 
Isotypy 121, 156, 461, 572, 587, 642, 710 
Italy 

copper content in argillaceous sediments 

. . 700 

lithium content in liparites 424 
Ivigtut 

cryolite deposits 507, 757 
isotope ratios in lead 737 

Jachymov, uraninite deposits 638, 785 
Jacobsite 642, 661 
Jadeite 145, 148 
stability 148 

Japan, phosphate-bearing zircons 587 

Jarosite 669 

Jasper 556 

Jaspilite 675 

Java 

iodine content in oil-well waters 769 
pH of crater lake water 227 
Joachimstal, uraninite deposits 638, 785 
Johannsenite 145, 148 
Jordan River, composition of water 282-83 
Jordanite 727 
Josephinite 659, 681, 738 
Jovian atmosphere; see under Jupiter 
Julienite 686 

Jupiter 370-72, 379-81, 415 
composition of atmosphere 379-81, 415 
density 371-72 
internal constitution 370-72 
Juvenile (term) 128 

Juvenile constituents 185-86, 223, 243, 245, 
264-65, 277, 279-80, 296, 304, 393, 402, 
406-7, 416-17, 419, 534-36, 539-42, 546, 
556, 575-76, 5S9, 599, 614, 637, 728, 751, 
754-55, 775 
Juvenile granite 261 

Kammererite 621 
Kainite 434 
Kaliborite 496 
Kaliophilite 140-43 
structure 142 
Kalsilite 140-43 
isomorphism 142 
structure 142 
Kamacite 19-21, 24, 677 
structure 19 

Kansas, natural gas rich in helium and nitro- 
gen 361 

Kaolin 209, 489, 491, 506, 609, 728 
Kaolinite 119, 203-7, 210-12, 242, 281, 501, 
503, 506, 554 
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chemical composition 206 
formation 503 
structure 207 

Karaboghaz Gulf, salinity of water 218 

Kasolite 635 

Katanga 

julienite in cobalt deposits 686 
uraninite deposits 638 
Katmai region 

chemical composition of fumarole gases 
_ 186, 776 

origin of ammonium compounds in volcanic 
emanations 577 

Katwee Lake, composition of rock salt 220 
Keilhauite 512, 524 
Kennelly-Heaviside layer 301-2 
Kent Island, composition of fog 316 
Kernite 495 

Kiangsi Province, southern, tungsten de- 
posits 631 
Kieserite 454 

Kiirunavaara, apatite in iron ore 593 
Kilauea 

annual production of hydrochloric acid 765 
composition of condensed water 280-81 
Kimberlite 533 
Kinetic energy 171, 250-51 
Kinetic metamorphism 245-46 
Kinetic theory of gases 775 
Knaben, silver content in sulfide minerals 705 
Knebelite 151, 641 

Knoxville, composition of rain water 312 

Kola Peninsula 
apatite rock 587, 593 
cerian sphene in nepheline syenite 524 
nepheline syenites 176-77, 587, 593 
pegmatites, 182, 593 

Kolm 637-38 

Kongsbergite 704 

Krakatao, explosion 310 

Krivorog, vanadium content in iron ore 603 

Krypton 

abundance 770-71 
geochemical character 770 
geochemistry 770-71, 777 
in natural gases 777 
sources 777 
in troposphere 771 

Kuckersite 767 

Kupjerschiejer 85, 630, 637, 656, 699, 713 
formation 699 

mineralogical composition 699 

Kyanite 124, 134, 171, 195, 501 
heat of formation 171 

Kylindrite 734 


SUBJECT INDEX 

Labradorite 22, 135, 165, 168-69, 429, 759 

Lac de Champex, composition of water 270- 
71 

Lac Noir, composition of water 270-71 
Lac Taney, composition of water 270-71 
Lacustrine sediments 199, 342, 344, 355, 454, 
491, 672 

Lainejaur, rhenium content in molybdenite 
655 

La Junta, composition of mineral water 278 
Lake Bonneville, closed basin 285 
Lake iron ore; see under Iron ores 
Lake and river water, chemical composition 
270-76, 432, 464, 495-97, 590, 749 
Lake Superior region, oxidate sediments of 
iron 675 

Laminaria hyperborea 762 
Laminaria saccharina 488 
Lamprophyllite 475, 562 
Land, dry, total area 264, 798 
Land-locked waters 199 
Langbeinite 434 

Langesundsfjord, gallium content in diaspore 
and nepheline 722 

Lanthanide contraction 107-12, 509, 567, 
604, 628, 632, 688, 786 
effect 

on geochemical coherence 107-11, 567 
on ionic size 109-10, 604, 628 

Lanthanides 48, 66, 106, 108, 110, 240, 5QS- 
11, 515, 517-31, 570-72, 604, 632, 657, 
688, 780, 786-87 

abundance 48, 66, 509-11, 519-24 
affinity 

for fluorine 518 
for phosphorus 518 
assemblages 519-23 
atomic structure 508-9, 787 
chemical properties of compounds 518 
classification 517-18 
of minerals 519 
cycle 528-30 

fractionation 519, 522-23 
geochemical character 509, 511 
geochemical coherence 509, 517, 604, 688 
geochemistry 508-11, 517-31 
in igneous rocks 518-28 
ionic radii 108 
in metamorphic rocks 530 
minerals 511, 519-27, 529, 571-72 
ores 524 

original assemblage 522-23 
solubility of compounds 518 
trivalent, diadochy 51 5, 518, 521, 525, 528, 
572, 586 

types of minerals 519-23 
see also Rare-earth metals 

Lanthanite 529 
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Lanthanum 

abundance 510-11 
co-ordination 240 
diadochy 515, 528 
geochemical character 511 
geochemical coherence with yttrium 109, 
Hi 

geochemistry 508-11, 525, 52S-30 
in igneous rocks 528 
isomorphism of orthoborate 497 
isotopes 633 

in metamorphic rocks 530 
in potash feldspar 525 
separation from lanthanides 525 
solubility of borate 497 

Lapland, Finnish, rare-earth metals in granu- 
lite minerals 526-27 

Lapland, southern 
barium content 
in igneous rocks 476 
in metamorphic rocks 482, 484 
beryllium content 
in igneous rocks 444 
in metamorphic rocks 447 
boron content 

in igneous rocks 486 
in metamorphic rocks 491 
chromium content 
in igneous rocks 621 
in metamorphic rocks 623 
Co:Ni ratio 
in igneous rocks 682 
in metamorphic rocks 685 
cobalt content 
in igneous rocks 682 
in metamorphic rocks 685 
europium content in granitic rocks 531 
gallium content in igneous rocks 725 
lanthanum, cerium, and neodymium con- 
tent 

in igneous rocks 528 
in metamorphic rocks 530 
lead content in granites 733 
nickel content 
in igneous rocks 6S2 
in metamorphic rocks 685 
occurrence of cesium in rocks 436 
rubidium and cesium content in igneous 
rocks 437 

rubidium in metamorphic rocks 441 
scandium content 
in igneous rocks 516 
in metamorphic rocks 517 
Sr:Ba ratio in metamorphic rocks 482 
strontium content 
in igneous rocks 476 
in metamorphic rocks 482 
titanium content in metamorphic rocks 
563-64 

vanadium content 
in igneous rocks 596 
in metamorphic rocks 602 
yttrium content 
in igneous rocks 527 
in metamorphic rocks 529 
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Lardalite 474 
Larderellite 495 
Larnite 459 
structure 459 
Larsenite 151 
Larvikite 472 

Late crystallates 473, 487, 605, 626, 644, 691, 
704, 709, 721-22, 724, 730, 732, 740, 744; 
see also Hydrothermal deposits; Pegma- 
tites; Pneumatolytic deposits 
Late magmatic stage; see under Magmatic 
crystallization 

Late magmatic sulfides 161, 163, 595, 679- 
80; see also Sulfur, hydrothermal sulfides; 
Sulfur, pneumatolytic sulfides 

Laterite 202, 209-11, 236, 272, 428, 441, 447, 
491, 506, 563-64, 600-601, 609, 617, 623, 
649, 652, 664, 667, 684-85 
chemical composition 209 
Laterite soil 211 

Lateritic weathering 211, 506, 649, 664, 684 

Lateritization 209, 211, 506, 617 

Lattice energy 141 

Laumontite 460 

Laurite 690, 692 

Lautarite 461, 769 

L&venite 565 

Law of mass action 12, 543 
Lawrencite 20, 22, 26, 661, 756 
Lazurite 745 
Lead 

abundance 46, 729 
accumulation 

in thorium minerals 46, 570 
in uranium minerals 46, 633 
affinity 

for oxygen 730 
for sulfur 730, 733, 745 
in Alpine mineral waters 279 
in biosphere 736-37 
cycle 735-36 
in fumarole deposits 187 
geochemical character 100, 729, 731 
geochemical coherence 
with potassium 104, 733 
with rubidium 726 
with thallium 726 
geochemistry 729, 731, 733-37 
in igneous rocks 104, 731, 733-34 
isotopes 570, 633, 737, 772 
in late crystallates 733 
minerals 731, 734 
native 731 
ores 734 

plumbous, diadochy 104, 156, 471, 474, 
530, 726, 733, 736 
in potassium minerals 104, 733 
precipitation 
as carbonate 735-36 



as sulfate 735 
as sulfide 736 
primeval 737 
radiogenic 737 
in sea water 736 
in sedimentary rocks 736 
in sediments 736 
solution as bicarbonate 736 
Lead feldspar 104, 139, 733 
Lead mica 104 

Leguminous plants 406, 580, 700 
Leiden, composition of rain water 313 
Lemna 331 
Leonite 434 

Lepidocrocite 213, 240, 673 
structure 673 
Lepidodendron 335 

Lepidolite 10, 153, 427, 436, 438-39, 478, 
722, 724, 759 

Lepidomelane 181, 438, 561 
Leppakoski, chemical composition of varved 
clay 247 
Leptite 454 
Leptitic schist 447 

Leucite 131, 134, 140-43, 171, 181, 208, 430- 
31, 438, 474-75, 500, 502, 660, 724 
chemical composition 142 
Leucite syenite 475 
Leucophane 181, 445 
Leucosphenite 475 
Lherzolite 146, 174 
Lichens 761 
Life, start 406, 408 

Light constituents 164, 174-75, 425, 449 

Lignin 340, 348-49 

Lime 450 

Lime famine 405 

Lime feldspar 460 

Lime metasomatism 256 

Lime-silicate rock 244 

Limestone 36, 197, 216, 223, 225-28, 244, 
255-57, 271, 280, 315, 342, 362, 395, 407, 
428, 438, 446, 450, 455-56, 459-61, 464- 
70, 479, 481-84, 491, 503, 506, 528, 531, 
534-35, 538-39, 546, 548, 573, 590, 592- 
93, 600-601, 636, 651-52, 668, 674-75, 
685, 700, 706-7, 713, 717, 728, 736, 752- 
54, 764, 768, 785 
chemical composition 226 
total quantity 223-24 
see also Calcitic limestone; Dolomitic 
limestone 

Limonite 200-201, 205, 212, 214, 232, 529, 
653, 673 

chemical composition 214 
Linnaeite 680, 686 
Liparite 424, 476, 486, 527, 725 


SUBJECT INDEX 

Lipids 322, 326, 348, 442, 535, 588, 598 

Lipolytic bacteria 356 

Liptobioliths 343, 351 

Liquefaction 387 

Liquidus 135 

Litharge 731 

Lithian amphibole 427 

Lithian mica 153, 425 

Lithian tourmaline 427, 439, 487 

Lithiophilite 427, 642, 661 

Lithium 

abundance 422-24, 427 
in biosphere 441 
co-ordination 425-26 
cycle 428 
deficiency 71-73 
diadochy 148, 179, 425-27 
E-value 426 

exceptional ionic radius 112-13 
geochemical character 422-23 
geochemistry 422-28, 441 
in igneous rocks 422, 424-27 
instability 71-72 
in minerals 427, 439 
ores 427 

proton bombardment of 72 
regional changes in abundance 427 
in sea water 428 
in Searles Lake brine 284 
in sedimentary rocks 428 
in sediments 428 

Lithium feldspar 113-14, 139-40, 148, 181, 
424-25 

Lithium: magnesium ratio 426-28 
Lithium metasomatism 257 
Lithogeochemistry 4, 7, 82, 94-263 

Lithophile elements SS-89, 91-94, 96, 332, 
388, 397, 415, 423, 443, 448, 458, 485, 
498, 511, 533, 551, 557, 570, 574, 584-85, 
594, 605, 610, 620, 626, 632, 640, 657-58, 
678, 720, 756-57, 77S, 781 

Lithophysae 147 

Lithosphere 7, 14, 32-33, 35, 37, 42-45, 48, 
71, 76, 82, 85, 88, 92-264, 300, 303, 309, 
319-20, 328-29, 366-67, 370, 374, 385, 
388-98, 400-401, 403, 405-6, 409, 413, 
416, 422-23, 443-44, 448, 450, 457-58, 
470, 472, 485-86, 488, 490, 498-99, 
509-12, 516, 518, 523-24, 533, 542, 551- 
53, 558-59, 570-71, 574, 576, 584-85, 
594, 600, 604-5, 610-12, 616-17, 619-22, 
626, 632-33, 640-41, 654-55, 657-58, 
667, 671-72, 67S, 688-89, 695-96, 702-3, 
708, 715, 719-20, 729-32, 738-39, 743, 
746, 757, 773-74, 776-77, 7S1, 787, 798 
chemical instability 395 
co-ordination number in 117-18 
evolution 392-98 
formation 388-98, 498, 619 
generation of heat in 633 
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Li th osphere — coniin u ed 

geochemical character of elements in 94- 

. 103 . 

gravitative differentiation 71, 401, 498 
gravitative stratification 260, 390, 395 
solidification 390, 400 
upper 

abundance of elements 42, 44-45 
chemical composition 33-34, 44-45, 422, 
448, 457, 617, 671 
density 798 

distribution of elements 390, 395 
effect of sedimentation on chemical com- 
position 405 

eight main constituents 33-34, 422, 448, 
457 

geochemical differentiation 396 
geochemical inhomogeneity 395-96 
mass 617 

redox potential 259, 533 
rule of Oddo and Harkins 47 
see also Crust; Sial crust 
Lithosporic shell 75-76, 78 
Liihotkamnium erubescens 327 
Living matter 324-29, 539-40, 550, 610, 662 
abundance of elements in 328 
chemical composition 324-29 
Livingstonite 716 

Ljosland, formation of thortveitite 514 
Locoweed 748 
Loellingite 705, 740 
Loess 204 

Love, strontium content in lardalite minerals 
474 

Loeweite 434 

London, content of carbon dioxide in air 307 
Lorandite 95, 726 
Los Angeles, dust fall 311 
Los Archipelago 
nepkeline syenite 177, 429 
occurrence of villiaumite 429 
Louisiana, sulfur deposits 753, 755 
Luikonlahti, rubidium and cesium in minerals 
of pegmatitic granite 439 
Lujaur Urt, nepheline syenite 177 
Lunar atmosphere; see Moon 
Lutecium 

abundance 510-11 
diadochy 521 

geochemical character 511 
isotopes 509, 633 
Lycopodiaceae 331, 335 
Lycopodium alpinum 505 
Lyman continuum 382 

McKittrick field, composition of natural gas 
362 

Madagascar 

ferriferous ortkoclase 660 
thortveitite in pegmatite 514 

880 


Mafic constituents 148, 164, 194, 204 
Maghemite 673 
Magic numbers 66 
Magma 

composition 128-89 
see also Rock melt 
Magma basin 184 
Magmatic (term) 128, 245 
Magmatic crystallization 14, 93, 128-90, 
224, 227, 229, 243-44, 248, 260, 263, 266, 
333, 389, 391, 394, 413, 416-17, 424, 459, 
486-87, 489, 519, 534, 552, 561, 565, 576, 
611, 620, 626, 644, 690, 723-24, 739, 744- 
45, 757-58, 781 

crystal chemical discussion of sequence 
169-73 

early magmatic stage 130, 158-61, 164, 
168, 175, 389, 450, 456, 565, 611, 620, 
655, 670, 703, 739, 744 
effect of water content on sequence 168- 
69, 417 

hvdrothermal stage 160, 178, 182, 184, 203, 
389, 393, 397, 404, 417, 438, 456, 470, 
487, 490, 512, 534, 552, 634-35, 715, 
717, 722, 724, 740, 745 
late magmatic stage 93, 130, 160-61, 429, 
431, 436-37, 443, 450, 477, 486, 512, 
534, 655, 670, 693, 696, 710, 724, 745, 
759, 781 

main stage 130, 159-61, 164, 175, 177-79, 
182, 389, 425-26, 429-30, 438, 443, 
446, 451-52, 456, 461, 470, 477-78, 
4S0, 486-87, 499-500, 513, 524, 534, 
552, 562, 565, 571, 585, 587, 595, 627, 
643-44, 655, 658, 670, 681, 691, 697- 
98, 704, 709-10, 715, 723, 739-40, 
744-45, 757-59 

normal sequence 164, 16S, 177 
pegmatitic stage 160, 178, 182-83, 397, 
417, 456, 470, 475, 477-78, 487, 534, 
566, 571, 609, 635, 661, 69S, 704, 710, 
740, 759 

pneumatolytic stage 160, 182, 389, 393, 
397, 404, 417, 446, 470, 475, 477-78, 
490, 502, 512, 514, 534, 552, 634-35, 
717, 724, 730, 740, 745 
sequence 164-77, 417 
stages 130, 158-61 

Magmatic differentiation 71, 157-89, 227, 
230, 244, 262-63, 367, 396, 401, 417, 
426, 429-30, 451, 461-62, 475, 479, 499- 
500, 515, 552, 564-66, 571, 585, 602, 
605, 620, 622, 634, 644, 658-59, 669-71, 
679, 681, 703, 710-11, 721-22, 730, 732, 
761 

change 

of Fe 3+ :Fe 2+ ratio 230, 426, 659 
of Mg:Fe ratio 166-67, 451, 658 
of MgO:CaO ratio in augite 173-74 
of Na:K ratio 430 
of redox potential 230 
of Sr:Ca ratio 479 
separation 

of beryllium 172 
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of calcium 461-62 
of magnesium and iron 166-67, 172 
of mica and hornblende 174 
of pyroxene and amphibole 174 
Magmatic gases 245, 672 
Magmatic solutions 245 
Magmatic sulfides 97-08, 162-63, 424, 621, 
626, 646, 660, 678-81, 687, 691-92, 697- 
98, 709, 715-16, 721, 723-24, 733, 739- 
40, 744-47, 751-53, 759 
abundance of elements 98, 162, 424, 621 
chemical composition 97-98, 162, 626, 646, 
660, 679, 692, 744, 746 
see also Early magmatic sulfides; Late 
magmatic sulfides; Pyrrhotite-pent- 
landite paragenesis; Sulfur, hydrother- 
mal sulfides; Sulfur, pneumatolytic 
sulfides 

Magnesia metasomatism 454, 456 
Magnesian tourmaline 487 
Magnesiochromite 621 
isomorphism 621 
Magnesioferrite 188, 661 
Magnesite 22, 216, 397, 449-50, 454-56, 684 
formation 455-56 
isomorphism 22 
solution 684 
stability 450 
Magnesium 
abundance 448 
in biosphere 452-53 

co-ordination 13S, 173, 426, 449-51, 460 
cycle 453-55 

diadochy 120-21, 125, 147-48, 155, 174, 
179, 204, 425-26, 469, 471, 474, 487, 
502-3, 513-15, 526, 561, 606, 611, 623, 
645, 659, 682, 697, 709 
E-value 426, 451 
geochemical character 448 
geochemistry 448-56 
in igneous rocks 166-67, 172, 450-52, 516 
metasomatic addition 216, 454, 456 
MgO : CaO ratio 173-74 
minerals 204-6, 448-50, 453 
in natural waters 315, 405, 453, 455, 497 
ores 454-55 
in sediments 235 
solubility of borate 497 
structure of silicate minerals 449 
Magnesium-aluminum spinel 621 
Magnesium : calcium ratio 315, 497 
Magnesium carbonate 

biological precipitation 453, 455 
inorganic precipitation 453, 455, 675 
in marine organisms 274, 452, 468 
in sediments 199, 211, 215-16, 273, 297, 
453, 455-56 

Magnesium: chlorine ratio 315 
Magnesium: iron ratio 147, 152, 166-67, 174, 
451, 658 

Magnesium-rich clay minerals 204-6, 449, 
453 

structure 205-6 


Magnet Cove 

composition of spring water 270 
nepheline syenite 177 

Magnetite 20, 22, 157, 159, 161, 164, 175, 
182, 188-89, 195, 201, 213, 232, 452, 513, 
559, 562-63, 596, 602, 620, 622-23, 645, 
652, 659-61, 664, 668-73, 675, 700, 710, 
720-21, 772, 7S2 

abundance in igneous rocks 157, 452, 559, 
645, 660-61 
isomorphism 670 
miscibility with ilinenite 670 
Magnetite-ilmenite intergrowth 661, 670 
Magnetite-ilmenit e-spinel intergrowth 661 
Mahabalesliw'ar, composition of laterite 209 
Mahanuddy, composition of water 272 
Main elements 33-34, 38 
Main-sequence stars 44, 70, 72, 3S4, 770 
Main stage of crystallization; see under Mag- 
matic crystallization 
Maine, coast, composition of fog 316 
Major cycle 14, 127, 190-91, 243-63, 296, 493 
Major nutrients 329 
Major planets; see Giant planets 
Malachite 69S-99 
Malacon 568 

Malaya, cassiterite placers 202 
Malignite 760 
Malladrite 757 
Mallardite 642, 651 
Mammals 335, 506, 5S8 
Mammoth Hot Springs, composition of 
travertine 217 
Man 

chemical composition 327-28 
geochemical role 365-66; see also Anthropo- 
sphere 

Manganandalusite 645 
Manganchlorite 641 
Manganepidote 641 

Manganese 
abundance 640-41 
affinity 

for oxygen 649 
for sulfur 646 

in biosphere 331, 333, 335, 64S, 653 
bivalent, diadochv 155-56, 514, 5S6, 611, 
645-46, 648, 723, 727^ 
chemical properties 649, 652 
co-ordination 116-17 
cycle 647-52 

geochemical character 640-41 
geochemical coherence with iron 641, 643— 
44, 647, 649 
geochemistry 640-50 
heat of formation of oxides 652 
hydroxides in sediments 198, 213, 231, 297, 
409, 630, 647-53, 753 
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Manganese — continued 
in igneous rocks 643-46 
isomorphism 
of manganese sulfide 21 
of manganese tungstate 514, 60S 
in late crystallates 644 
in metamorphic rocks 652 
in minerals 147, 641-42, 646 
MnO FeO ratio 643-44 
in oldiiamite 21, 642 
oxidation states 642, 645, 649, 651 
precipitation 
as carbonate 648 
as hydroxide 647-51, 666 
as MnO ‘2 644, 647, 651 
during weathering 213, 647-51, 666, 668 
regional differences in abundance 641 
in sea water 647-49, 651 
in sedimentary rocks 645, 651-52 
in sediments 645, 647-53, 668, 672-73, 6S4, 
713, 741, 7S4 

separation from iron during weathering 
649-51 

solubility of compounds 646, 651, 664 
solution during weathering 647-49, 651 
stability of compounds 647-4S, 650-52, 
664, 683 

trivalent, diadochy 645 
in weathering solutions 647, 651 
Manganese concretions 64S 
Manganese garnet 641 
Manganese :iron ratio 644, 647 
Manganese nodules 42S, 447, 483, 491, 517, 
529, 609, 648, 694, 699-700, 706-7, 784- 
85 

Manganese ores 
bog manganese ores 214 
mineralogical composition 653 
sedimentary 199, 213, 225, 342, 447, 516, 
529, 651, 653, 728, 735, 754 
Manganese slabs 648 
Manganfayalite 641 
Manganhedenbergite 641 
Manganiferous limonite 529, 653 
Manganiferous mica 641 
Manganilmenite 642 
Manganite 642, 650-51, 653 
Manganoan biotite 153 
Manganoan columbite 644 
Manganoan tantalite 644 
Manganolivine 641 
Manganomelane 642, 651, 653 
Manganophyllite 153, 641 
Manganosite 642 
Manganphlogopite 641 
Mangansiderite 644, 653 
Manganspinel 642 
Mangerite 146, 169 

Mangerite type of crystallization 146, 169 

882 


Mansfeld 

copper ore 85-86, 90, 656, 696, 699 
distribution of elements among metal- 
lurgical products of copper ore 86 
Kupferschiefer 85^630, 637, 656, 699, 713 
molybdenum in Kupferschiefer 630, 656 
rhenium in Kupferschiefer 656 
uraninite in copper ore 637 
zinc and cadmium in Kupferschiefer 713 
Mantle 77-84, 93, 390-91, 396-97 
composition 396-97 
solidification 390, 396-97 
Mantua, fall of salt crystals 314 
Marble 244 

Marcasite 214, 216, 350, 669, 674, 705, 716, 
750 

Margarite 153, 155, 459 
structure 155 

Marine animals, composition of body fluids 
365 

Marine biocycle 319-20, 363-65, 581-82, 588 
Marine humus 347 

Marine organisms 2S9, 327, 363-64, 441, 452, 
455, 463, 466, 468-69, 479, 481, 488, 528, 
531, 537, 549-50, 555-56, 569, 588, 591, 
59S, 624, 628, 637, 653, 694, 700-701, 
728, 742, 762, 766, 768 
composition of skeletal material 289, 327 
Marine sapropel, composition of organic 
matter 356 

Marine sediments 196, 199, 204, 215-16, 218- 
20, 224, 232, 235, 342, 344, 347-48, 353- 
57, 364, 405, 42S, 433-35, 441, 446-47, 
454-56, 461, 464, 466-67, 469-70, 479, 
483, 488, 490-94, 496-97, 539, 543, 556, 
564, 591, 596, 600, 609, 623, 630, 636-37, 
648, 651-52, 668, 672-73, 675, 684-85, 
694, 700, 706, 727-28, 736, 741-42, 766- 
69, 7S4 

classification 347-4S 
composition of organic matter 356 
organic matter in 348, 356, 364 
redox potential 339-40, 356 
Mariupol, nepheline syenite 177 
Mars 369-71, 375-78, 403 
composition of atmosphere 376-78 
composition of polar caps 377 
density 371 
fossil oxygen 377 
internal constitution 370 
mass of atmosphere 376-77 
nature of clouds 375 
ozone layer 377 
Marsh gas 338, 360 
Marshite 768 

Martian atmosphere; see under Mars 
Maskelynite 20, 23 

Mass number 48-51, 61-65, 67-69, 671, 779, 
781 

absence 67 
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Mass units 803 

Massachusetts, S.E. coast, composition of 
fog 316 
Massicot 731 
Matildite 704 
isomorphism 704 
Mattauch*s rule 61, 63, 776, 779 
exceptions 61, 63 

Mechanical decomposition 36, 191, 393, 397, 
469, 489, 492, 555, 566, 609, 628 
Mechanical metamorphism 245 
Mechanical sediments 197-98 
Meclicago saliva 328 

Mediterranean countries, terra rossa soils 211 

Melandrium dioecum 334, 700 

Melanite 562 

Melanterite 669 

Melilite 460, 562, 710, 760 

Melilite rock 760 

Meliphanite 181, 445 

Mellite 505-6 

Melnikovite 214, 216, 674 

Mercaptans 352 

Mercury (element) 
abundance 715 
alloys 690, 704-5, 716 
in atmosphere 717-18 
in biosphere 334, 718 
cycle 716-18 

geochemical character 100, 715 
geochemistry 715-18 
in hydrothermal deposits 715, 717 
in igneous rocks 715-16 
mercuric, diadochy 716 
minerals 690, 704-5, 716 
native 716-18 

in natural waters 279, 717-18 
ores 716 

precipitation as sulfate 717 
in sedimentary rocks 717 
in sediments 717-18 
solution as mercuric chloride 7 17 
volatility 715-18 

Mercury (planet) 370-71, 374, 377 
atmosphere 374 
density 371 

internal constitution 370 
Merensky Reef, platinum metals in norite 
691-92 
Mesitite 203 
Mesosiderites 23, 29 
abundance 29 

Metabolic processes 323, 751, 762 
Metacinnabar 716 
Metahalloysite 203, 205-6 
chemical composition 206 
structure 205 


Metahewettite 597, 603 
Metakaolinite 501 
stability 501 

Metal-organic compounds 353, 599, 62S, 
666-67, 686, 700 
Metallic bond 96, 533 
Metallogenic elements 94, 96, 103 
Metamict disintegration 114, 156, 505, 607, 
639 

Metamorphic differentiation 398 
Metamorphie reactions 
chemical activity in 251-52 
explanation of mechanism by kinetic 
energy 250-51 

Metamorphic rocks 32, 36, 41, 191, 202, 220, 
225, 232, 244-45, 247, 250, 270-71, 275- 
76, 2S2, 294, 39S, 419, 43S, 441, 447, 
449, 459, 482, 491-92, 501-2, 505, 512, 
517, 529-30, 533, 552, 563-64, 595, 601- 
2, 623, 643, 652, 667, 672, 674, 685, 692, 
710, 754, 75S, 767 
redox potential 232 

Metamorphism 14, 197, 219, 232, 244-57, 
262-63, 351, 355, 362, 393-94, 39S, 413, 
416, 419, 42S, 447, 452, 482, 4S6, 490, 
505, 517, 533, 536, 541, 562, 579, 586, 
593, 599, 602, 623, 652, 667, 671-72, 
675, 685, 717, 741, 754, 764, 767-6S 
geochemistry of 248-49 
Metarossite 461 

Metasilicates 22, 76, 448, 451, 459, 611, 041, 
660, 711 

oxygen content 611 
Metasomatic granite 261 
Metasomatic metamorphism 248-49, 252-57, 
263 

effect of diffusion on 252-56 
Metasomatic processes, classification 256-57 
Metasomatic rocks 150, 261, 454, 514, 667, 
672, 679, 710 

Metasomatism 128, 245, 247-49, 252-57, 
259-61, 263, 3S9, 394, 446, 454, 456, 486, 
493, 534-36, 667, 671, 712, 74(1 
Metastable atoms 300, 403, 77 5 
Meteor stream 369 

Meteoric constituents 184-SG, 264, 2GS, 280, 
393, 402, 404, 529, 534-36, 578 
Meteorite minerals 19-20, 230, 45S, 677, 756; 

see also under those listed on p. 20 
Meteorite types 
abundance 29 

chemical composition 25-27 
Meteorites 17-30, 3S-40, 42-45, 47-4S, 06, 
74-77, SO, S4-8S, 92-94, 146, 161-63, 
230, 367-69, 376, 3S7-SS, 401, 413, 415- 
16, 422-23, 443, 448, 457-58, 4S5, 498- 
99, 509-11, 529, 532-33, 54S, 551, 557- 
5 S, 570, 574, 584, 594, 604-5, 610-12, 
619-20, 625-26, 632, 640, 642, 654, 657- 
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Meteorites — continued 

58, 661, 677-78, 689, 692, 695, 702, 70S- 
9, 7 15, 719, 729, 738, 743, 753, 756, 770, 
781-83, 786 

abundance of elements 39-40, 42, 44-45, 
413 

abundance ratio 
silicate 'metal: sulfide 29, 3S 
stones to irons 29 

chemical composition 25-26, 28-30, 87, 
161-63 

deficient elements in 66 
distribution of elements among meteorite 
phases 85, 87 

equilibrium composition 17, 74 
gases in 369, 415 

metal phase 18, 24-25, 28-29, 74, 163, 443, 
448, 510, 557-5S, 570, 584, 594, 604, 
610, 619, 625-26, 640-41, 657, 677, 
689, 692, 695, 708, 738, 756; see also 
Irons 

mineral constituents 19-23 
mineralogical composition 27 
order of abundance in 42-43 
oxygen deficiency 611-12 
petrographic classification 23-25 
redox potential 26, 92, 230, 45S, 584, 620 
rule of Oddo and Harkins 47 
silicate phase 24-25, 29, 85, 87, 498, 510, 
551, 557-58, 5S4, 594, 604, 612, 619, 
625-26, 640, 654, 657, 695, 719, 738, 
756; see also Stones 

sulfide phase 27-29, 85, 87, 161-64, 230, 
443, 448, 510, 557-58, 584, 594, 604, 
610, 620, 625-26, 632, 657, 677-78, 
689, 692, 695, 702, 708, 715, 738, 756; 
see also Troilite 
textural classification 23 
see also Irons; Stones; Stony-irons 
Meteoritic dust 310, 694 
quantity 310 
Meteoritics 17 
Meteoroids 771 
Meteors 17, 309, 368-70, 578 
chemical composition 370 
Methane, in atmosphere 307 
Metric mass units 803 
Mexico 

natural gas rich in carbon dioxide 361 
nickel content in crude oil 353 
Miarolitic cavities 439, 507 
Miaskitic nepheline syenites 176-77 
Mica 104, 106, 119, 123-24, 126, 131, 152-55, 
164, 174, 181, 1S3, 201, 203-4, 206, 208, 
213, 222, 232, 237, 244, 247, 397, 418, 
425-27, 430-32, 438-39, 444, 449, 459, 
462, 473, 500-505, 513, 517, 526, 554, 
561, 563, 597-98, 621, 635, 641, 660-61, 
673, 676, 757-59, 763-64, 781-82 
chemical composition 430, 439 
cleavage 155, 504 
diadochic substitution in 155 


separation from magma 174 
structure 153-54, 237, 418 
Mica diorite type of crystallization 16S-69 
Mica gneiss 244 

Mica schist 222, 232, 244, 247, 502, 505, 517 
chemical composition 222 
Michigan 

copper in igneous rocks 98 
salinity of natural brines 277 
Microcline 132, 137-38, 425, 429, 437-39, 
500, 711 

Microcline pertkite 138, 437-38 
Microconstituents 322-23, 441-42, 452, 479, 
569, 598, 653, 700-701, 707, 737, 761-62 
Microlite 608 

Micronutrient elements 330, 335 
Micro-organisms 193, 210-13, 221, 232, 289, 
319, 321, 345-48, 355-56, 468, 536-37, 
580-81, 583, 598, 628, 650, 662, 664, 669, 
674, 701, 714, 748, 750; see also Bacteria 
role in cycle of organic matter 345-46 
Middle East, bromine deposits 766 
Migmatite 190, 244, 246, 258, 260, 262 
Migmatite front 258, 262 
Migmatitization 244-46, 258-62 
Migration 

of elements 14, 190, 230, 244, 246, 249, 
258-63, 321, 392, 394, 396, 398, 480, 
484, 517, 597, 599, 617, 649, 651, 663, 
665, 674, 683, 686, 699, 716-17, 721, 
735 

of ions 250-55, 261 

of matter 189, 197, 24S-50, 258-61, 359, 
456, 755 

Migration energy 170-73, 251, 451 
effect on 

of co-ordination 170-71 
of ionic charge 172-73 
of ionic size 171-72 
see also E -value 
Millerite 680, 6S6 
Mimetite 739 
isomorphism 739 

Minas Ragra, patronite deposits 603 
Minasragrite 603 

Mine gases 350, 360, 362, 772, 776 
chemical composition 362 
Mine water 266-67, 277 
chemical composition 267 
Mineral assemblage 249-50 
Mineral facies 671 
Mineral nutrients 329, 331 
Mineral paragenesis 249 
Mineral springs 269, 276-79, 300, 360, 363, 
772, 776-77 

classification of waters 276 
gases dissolved in 276, 300, 360, 363, 772, 
776-77 
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Mineral waters 276-79, 282, 362, 428, 439, 
482, 489, 567, 599, 728, 768-69, 772, 776- 
77, 785 

age division 279 
chemical composition 278 
minor elements in 277, 279 
therapeutic value 277 
Mineral wells 269, 277, 360 
Mineralizers 160, 168, 182 
Mineralogical chemistry 8 
Minerals 

gases in 268, 360 
number of 321 

Minette ores; see wider Iron ores 
Minium 731 

Minnesota, copper in igneous rocks 98 
Minor cycle 189-242, 244-45, 249, 296, 344, 
432, 440, 463-64, 493, 566, 568, 572, 684 
Minor elements ; see Trace elements 
Minor planets; see Asteroids 
Minus water 416 
Mirabilite 188, 434-35 
Missing elements 71, 778-81 
geochemistry 778-81 
Mississippi River 
composition of water 272 
copper content in silt 700 
nickel content in silt 685 
Mist 315 

Mittagong, composition of limonite 214 
Mixed crystals 121, 472, 477, 670, 679, 691, 
740, 747 

Mixed rocks 244, 246, 260 
Mixed waters 276 
Mixing in the sea 2S8 
Mobility of elements 262-63 
effect of ionic size on 262 
Mobility of ions 255, 258, 262-63, 493 
Model Dome, composition of natural gas 362 
Mohorovicid discontinuity 77, SI 
Moissanite 20, 533, 551 
Mokelumne River, composition of anauxite 
206 

Moldering 343-44 
Molds 343, 356, 537, 761 
Molecular velocity 308 
Mollusks 479, 701, 714, 737, 742 
Molybdates, structure 628 
Molybdenite 101, 397, 627, 631, 655-56, 693, 
697, 704, 745 
isomorphism 655, 693 
structure 693 

Molybdenum 
abundance 625 

affinity for sulfur 627, 697, 745 
in biosphere 628-30 


co-ordination 117 
cycle 628-30 
diadochy 628, 656 
geochemical character 101, 626 
geochemical coherence 
with chromium 110-11 
with rhenium 654 
with tungsten 110-11, 628 
geochemistry 625-31 
in igneous rocks 626-28 
in iron ores 630 
in late crystallates 626 
minerals 627 
ores 627, 630-31 
precipitation 

as calcium molybdate 629-30 
as sulfide 629-30 
in sea water 630 
in sediments 629-30 
Molybdenum blue 188, 62S-29 
Molybdenum selenite 746 
Molybdite 628 
Molysite 661 

Monazite 127, 157, 195, 201-2, 512, 518-25, 
564, 571-72, 587, 590, 635, 782 
Monazite placers 202, 572 
Monazite type 519-22 
Monetite 592 

Monoclinic pyroxene 146-47, 427, 622, 660, 
733 

Monocotyledons 331 
Monomineralic rocks 606 
Monticellite 151, 459 

Montmorillonite 203-8, 212, 237, 242, 418, 
503, 554 

chemical composition 206 
formation 503 

order of replaceability in 242 
structure 205-S, 237, 242 
Montroydite 716 
Monzonite 597, 723, 746, 760 
Moon 370-71, 373, 376 
composition of atmosphere 376 
density 371 

internal constitution 370 
Morenosite 680 
Mosandrite 181 
Moschellandsbergite 704 
Mosses 336 
Mossite 607-8 
isomorphism 607 

Mount Mica, composition of spring water 270 
Mount Vernon, composition of precipitation 
313 

Mount Washington, composition of cloud 
water 316 

Mountain-building processes 25S, 394, 396, 
407 
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MsThi 783 

Mud 196-97, 199, 213-14, 221-22, 232, 276, 
284, 344, 347-48, 353-54, 46S, 491, 517, 
529, 537, 546, 59S, 661, 615, 629, 675, 685, 
699-760, 713, 727, 75C, 764, 766-6S 
Mullite 561 

Multiple oxides 5 IS, 521-22, 559 
Mur ex brandaris 335, 762 
Murex purpureas 335, 762 
Muscovite 115, 153-56, 168, 181, 194-95, 
206, 205-7, 427, 436-31, 438-39, 444, 
473, 478, 500, 512, 524, 597-9S, 622, 645, 
710, 722-24, 764, 781 
chemical composition 155-56 
composition by volume 115 
isomorphism 598 
structure 154-55, 205, 207 
Muscovite granite 524 
Mussa dipsacea 327 
Mussels 653 

X-cIass stars 532 

4n series 7S1 

4n -f 1 series 7S1 

4n - series 7S1 

4n -f 3 series 7S1 

Xaerite 203-4 

Xadeleiscnerz 673 

Naegite 56S 

Nantokite 764 

Naphthenes 352, 354 

Naphthenic acids 352 

Native elements, occurrence 231, 6S9 

Natron 435 

Natropliilite 644 

Natural gases; see under Gases 

Nebula NGC 7027 

abundance of elements 44-45, 3S3-84 
order of abundance in 42-43 
Nebulae 42-45, 383-84, 415, 574, 770 
Neodymium 
abundance 510-11 
diadochy 528 
geochemical character 511 
geochemistry 510-11, 52S, 530 
in igneous rocks 528 
in metamorphic rocks 530 
Neon 

abundance 770-71, 774-75, 777 
geochemical character 770 
geochemistry 770-71, 774-75, 777 
in igneous rocks 771, 77 5 
isotopes 780 
primordial 775 
sources 775 
in troposphere 771 
Neon: argon ratio 774 

Xepheline 131, 134, 140-43, 176-77, 181, 425, 


427, 430, 444, 474, 500, 513, 526, 544, 
567, 722 

average chemical composition 141-42 
isomorphism 141-42 
order of separation 176-77 
structure 142-43 
Nepheline-bearing rocks 444, 567 
Xepheline svenite 136, 141-42, 146, 149, 156, 
175-77," 389, 424, 427, 429-30, 436-38, 
443-46, 475-76, 486, 500, 516, 518, 523- 
24, 527-28, 560, 564, 567-68, 585, 587, 
605-6, 621, 646, 682, 725, 730-32, 746, 
760 

classification 176 
redox potential 523 
sequence of crystallization 176-77 
Nepheline syenite pegmatite 177-80, 427, 
438, 445, 518, 521, 523, 560, 566, 572, 
587, 593, 607, 644, 661 
elements concentrated in 179-80 
Nephelinite 474 
Nepouite 6S1 
Neptune 370-72, 381 
composition of atmosphere 381 
density 371-72 
internal constitution 372 
Neptunium 

chemical properties 787 
geochemistry 787 
isotopes 781, 787-88 
occurrence in Nature 787 
Neptunium series 781 
Nesosilicates 119, 462, 553 
stability 462 
Neutral minerals 181 
Neutralization 482 

Neutron 4S-49, 5S, 69-71, 550, 779-80, 787- 
SS 

Neutron excess 48, 66, 69 
Neutron gas 70 

Neutron number 49-51, 58, 60-61, 66-67 
absence 67 

Nevada, borate deposits 495 
Nevyanskite 690 
New Caledonia 

cobalt and nickel in serpentine rocks 684, 
687 

nickel deposits 687 
New Zealand 

boron content of coal ashes 332 
hot springs 280 
Niccolite 680, 686 
Nickel 

abundance 677-78 

affinity for sulfur 678, 685, 697, 709 

in biosphere 353, 360, 685-86 

in chalcopyrite 101 

co-ordination 683 

cycle 683-86 
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diadochy 682 

in early magmatic silicates 683 
geochemical character 101, 677-78, 681 
geochemical coherence with cobalt 585 
geochemistry 677-87 
in igneous rocks 681-83 
in Keweenawan mineral waters 279 
in magmatic sulfides 101, 163, 678-81 
in metamorphic rocks 685 
in meteorites 19, 24, 163, 677-78 
ores 669, 679-81, 686-87 
oxidation states 683 
in pyrite 97, 101, 161, 691 
in pyrrhotite 101 
in sea water 684 
in sedimentary rocks 685 
in sediments 684-85 
stability of compounds 683 
transfer percentage 684 
Nickel arsenide, structural type 162 
Nickel-iron 19-20, 24, 75-77, 80, 82, 85, 87, 
230, 625, 659, 678, 681, 689, 702, 708, 
719, 729, 738 

Nickel-iron core 18, 75-79, 82-84, 88, 92-93, 
387-88, 390-92, 416, 610, 671, 688, 703, 
729, 757 

formation 387-88 
Nickel: iron ratio 679 
Nickel spinel 681 
Nickelian antigorite 681 
Nickelian chlorite 681, 683-84 
Nickelian clirysotile 681 
Nickelian pyrite 97, 101, 161, 691 
Nickeliferous sulfide ores 626, 679-80 
Nigeria, columbite pegmatites 607 
Niggliite 690, 692 
Niobite 608 

Niobium; see Columbiuru 
Niter 579 

Nitraria schoberi 761 
Nitrate facies 231 

Nitrate-reducing bacteria 193, 340, 582 
Nitrate sediments 220-21, 231, 29S-99, 435, 
461, 484, 579, 592, 623, 753-54, 769 
redox potential 231, 579, 623, 754, 769 
Nitrate-utilizing bacteria 407 
Nitrate waters 276-77 
Nitratite 579 
Nitrification 488, 582 
Nitrifying bacteria 406, 581-82 
Nitrite-reducing bacteria 581 
Nitrobarite 484 
Nitrocalcite 461 
Nitrogen 

abundance 574-76 

in atmosphere 293, 306-7, 402, 574-75, 579 
atmospheric, origin 306-7, 402 
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in biosphere 339, 352, 363-64, 575, 578-83 
co-ordination 115, 241 
cycle 293, 339, 363-64, 420, 535, 577-83, 
588 

cyclic 578 

exchange between atmosphere and sea 293, 
579 

fossil 576 

geochemical character 574-76 

geochemistry 574-S3 

in igneous rocks 303, 309, 574-78 

isotopes 583 

juvenile 402, 575 

leaks in cycle 582-83 

meteoric 402, 578 

in precipitation 314-15, 578 

in river water 577 

in sea water 293, 363-64, 575, 578-79, 
581-83, 588 
in sediments 575-76 
sources 579 

total amount in atmosphere 305, 574, 583 
total quantity produced 
in degassing 575 
in weathering 575 
in volcanic emanations 575 
Nitrogen dioxide, formation in atmosphere 
306, 402, 574 

Nitrogen fixation 340, 406-7, 576, 578-83, 
598, 628 

amount of liberated oxygen 576 
biological 406-7, 5S0-S3 
total rate 5S3 

Nitrogen-fixing bacteria 581-82 
Nitrogen-fixing micro-organisms 5S1 
Nitrogen gases 361, 772 
Nitrogen-liberating bacteria 340 
Nitrogen pentoxide, formation in atmosphere 
306, 402, 574 
Nitrokalite 579 
Nitronatrite 579 

Nitrous oxide, formation in atmosphere 306, 
402, 574 

Nitrous oxide layer 306 
Noble gases; see Inert gases 
Noble metals 332, 366, 689 
accumulation in lithosphere 366 
Nodule bacteria 407 
Nonbiological elements 324 
Nonessential elements 323-24 
Nonionie structure 111 
Nontronite 203-4, 206, 668 
chemical composition 206 
No-osphere 365 

Norite 136, 146-47, 149, 151, 157, 164, 168- 
69, 174, 564, 626, 661, 686, 690-91, 694, 
705 

Normal potential 420, 727 
Normal type of crystallization 168 
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Normandy, yield of salts in precipitation 318 
Norris Geyser Basin, amount of chlorine in 
water 1S7 

North Carolina, lithium content of pegmatite 
minerals 427 
Norway 

composition of Glacial clays 33, 36, 504 
composition of post-Glacial clays 33, 36, 
504 

regional variations in tungsten content of 
granite pegmatites 625 
rhenium content in pegmatites 655 
silver content in Quaternary clays 706 
stagnant water in fjords 749 
titanium content in Quaternary clays 564 
titanium ores 563 
trace elements in pyrite ores 674 
Norway, central, composition of phyllites 222 
Norway, southern 
apatite in gabbro pegmatite 593 
granite pegmatites 1S1, 514 
thortveitite in pegmatite 514 
Nosean 744 
Noselite 140-41, 744 
Nuclear binding energy 4S, 63, 69 
Nuclear charge 49, 107-8 
Nuclear-charge number 49 
Nuclear equilibrium 69-70 
Nuclear fission 71, 309, 633, 779-SO, 7S8 
Nuclear transmutation 69-73, 415, 770-72, 
778-81, 783, 7S5-S8 

artificial 71-73, 772, 778-SI, 783, 785-88 
Nucleoproteins 337 
Nuclides 13, 48-73, 413, 777 
abundance 13, 48-73, 413 
not found in Nature 66-68 
number of 50, 60 
types of 58, 60-62, 6S 
Nutrient line 324-25, 330 
Nutrients 329, 331 

Oak 333, 479 

Oak humus, trace elements in 333 
Oak leaves, trace elements in 333, 479 
Obligatory aerobes 618 
Obsidian 147, 760, 775 
Occluded gases; see under Gases 
Ocean 

biogeochemistry 2SS-89, 291, 363-65 
changes in chemical composition 404-5 
depth 264, 286 
primeval 296, 404 
total area 264, 798 
total mass 264, 2S6, 798 
total volume 264, 286, 798 
see also Sea water 
Ochers 628 
Octahedrites 23-24 
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Ollacherite 153, 473 

Ohio, natural gas rich in helium and hydro- 
gen 361 

Oil-field waters; see Petroleum brines 
Oil shale 349, 354, 767 
Oils 344, 351 

Oldhamite 20-22, 26-27, 230, 458, 640, 642 
isomorphism 642 
structure 21 

Olefin hydrocarbons 352, 361 
Oligoclase 22, 135, 165, 168-69, 430 
Olivine 20, 22-23, 25, 27, 103, 126, 131, 149- 
52, 159, 164-65, 168-69, 172, 194-95, 
201, 397, 444-45, 448-49, 451-52, 461, 
513, 526, 551, 553, 561, 587, 611, 620, 
622, 641, 644, 660, 683 
chemical composition 151 
free energy of formation 103 
isotypy 587 
stability 452 
structure 150 
Olivine basalt 397 
Olivine gabbro 622 
Olivinite 159, 444, 620 
Omnipresent elements 726 
Oolite 564, 652, 672, 713 
Oolitic iron ores; see under Iron ores 
Oonopsis 748 
Oort limit 382 

Ooze 197, 217, 348, 405, 447, 479, 482, 491, 
517, 529, 556, 656, 741, 784-85 
Opal 152, 635, 722 
Opalized wood 722 
Opdal-Indset, opdalite 33, 37, 129 
Opdalite 33, 37, 129 
chemical composition 33, 37 
mineralogical composition 129 
Ophir Hill Consolidated mine, metasomatic 
reactions in limestone 257 
Orangite 526, 571 
Orbiculina adunca 327 

Ore-smelting furnace 76, 79-80, 84, 87, 93, 
159, 3S5, 387, 392, 594, 630, 696, 755 
Orenda spring, content of trace elements in 
water 279 

Organic compounds 
in crude oil 352, 489 
formation in atmosphere 306, 321, 408 

Organic matter 

in atmosphere 306-7, 310, 408 
bacterial decomposition; see Bacterial de- 
composition 

chemical composition 326, 356 

cycle in biosphere 345-46 

prebiological 406, 408 

rate of oxidation in biosphere 336 

in sediments 199, 203, 205, 210-11, 214, 



229, 276, 345, 348, 352, 354, 356, 432, 
456, 489, 575, 579, 601-2, 636, 662, 
701, 713,736, 750, 754,767-68, 782,785 
in water 268-69, 271-72, 288, 291, 311, 
537, 578, 589, 599 
Organic sulfides 352, 747 
Organisms 190, 192, 197, 203, 210, 212, 214- 
16, 218, 274, 279, 287-89, 291-92, 295- 
96, 299, 304, 309, 319-23, 325-35, 339, 
343-46, 351, 354, 358, 363-64, 405-9, 
432, 447, 452-53, 455, 466, 468-69, 479, 
481, 490, 505, 528, 534, 537, 549-50, 553, 
555-56, 569, 575, 578, 580, 582-83, 588, 
590-92, 598, 603, 617-18, 628, 637, 666, 
685, 707, 714, 728, 742, 74S, 768, 785 
accumulation of elements in 297, 323, 327, 
330-35 

concentration ratio of elements in organ- 
isms 

and in igneous rocks 328-29 
and in sea water 329 
distribution of elements in 323 
essential elements in 329-31 
trace elements in 323, 325-27, 330-31 
Organogenic sediments 197, 199, 213, 321, 
342-63, 637; see also Bioliths 
Organometallic compounds; see Metal- 
organic compounds 
X 2 Orionis 383 
Orites excelsa 505 
Orogenic cycles 260 
Orogenic zones 37, 168, 177, 351 
Orogeny 260, 396, 407, 540, 614, 617 
Orpiment 740 
Orthite; see Allanite 
Orthite type; see Allanite type 
Ortho-amphibolite 514, 692, 705 
Orthoclase 27, 124, 132, 137-3S, 140, 143, 
171, 201, 266, 429, 433, 471-72, 474, 477, 
500, 660 

incongruent melting 17 1 
isomorphism 137, 471-72, 477 
structure 137 
Orthoclase perthite 138 
Orthoferrosilite 125 
Orthogneiss 602 

Orthopyroxene; see Orthorhombic pyroxene 
Orthorhombic amphibole 452 
Orthorhombic pyroxene 126, 145-47, 152, 
174, 427, 611, 660, 683 
Orthosilicates 76, 119, 448, 450, 459, 553, 561, 
564-65, 611, 641, 660 
oxygen content 611 

Ortstein 673 
Osbornite 20 

Oslo area _ # . 

barium content in larvikite and its minerals 
472 
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change of Fe 3+ :Fe 2+ ratio in igneous rocks 
230 

silver content in alkalic rocks 705 
Osmiridium 690 
Osmium 
abundance 6S9 
alloys 690 

geochemical character 101, 6SS-S9 
geochemistry 6S8-94 
isotopes 654 

in magmatic sulfides 692 
minerals 690 
Osmosis 253, 322, 364 
Osmotic regulators 322 
Otavi area, vanadate deposits 603 
Otavite 713 
isomorphism 713 
Owens Lake 

closed basin 282, 284-85 
composition of dissolved solids 285 
Owens River, composition of dissolved solids 
285 
Oxalates 

in sediments 463, 592 
Oxammite 592 

Oxidates 198-99, 212-15, 218-19, 225, 227, 
296-97, 299, 428, 432, 4S3-S4, 490-91, 
505, 516, 562, 573, 600, 003, 623, 630, 
636, 648-51, 653, 66S, 672, 675, 6S4-S5, 
694, 699, 706-7, 713, 717, 727, 735-36, 
741, 753 

chemical composition 213-14 
Oxidation 192-93, 212, 229-31, 269, 303, 321, 
323, 336-37, 340, 343, 356, 360-62, 371, 
375, 387-88, 395, 401, 406, 408, 426, 456, 
458, 506, 537, 542, 581, 595, 598-99, 603, 
611, 613, 615- IS, 620, 623, 627, 629, 634, 
642, 645, 647, 649, 659, 662-63, 667-69, 
672-74, 683, 691, 693, 697-98, 700-701, 
717, 727, 735, 747-51, 753, 755, 769, 773 
energy of 229, 388 
Oxidation potential 229 
Oxidation -reduction potential; see Redox 
potential 

Oxidation state 229-30, 595, 611, 642, 645, 
649, 667, 683 
Oxides 
entropy 89 

free energy of formation 89-90, 372 
heat of formation 89, 138-39, 652 
Oxidizing conditions 205, 232, 356, 537, 648, 
666, 667 
Oxyapatite 586 
Oxyfrancolite 217 

Oxygen 

abundance 610 

affinity for 88, 387— 88, 420, 649, 730 
amount consumed in weathering 615-17 
amount liberated in nitrogen fixation 576 
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Oxygen — continued 

in atmosphere 300, 303-4, 308, 321, 376, 
400-401, 403, 409, 541-42, 612-18, 775 
atmospheric 

origin 303-4, 321, 400-401, 409, 541-42, 
613-15 

turnover through photosynthesis 615 
in biosphere 327, 613, 617-18 
content in ortho- and metasilicates of iron 
and magnesium 611 
cycle 259, 338, 614-15, 617-18 
diadochy 144, 156, 5S6 
excess 542 

fossil 303, 304, 377, 541-42, 576, 615-17 
free 

and fossil, grand total 616 
total amount in uppermost geospheres 
616 

geochemical character 574, 610 
geochemistry 610-18 
in hydrosphere 612-13, 616, 618 
in igneous rocks 610-12 
isotopes 421, 618 
juvenile 542 
in meteorites 611-12 
photochemical decomposition 376 
total amount in atmosphere 305, 338, 576, 
612-13, 616-17 
total amount in biosphere 613 
total amount consumed in carbon cycle 576 
total amount in hj'drosphere 612-13, 616 
in upper lithosphere 259, 395, 610-12, 615- 
17 

vadose 613 

in volcanic gases 401, 613 
Oxygen deficiency 611-12 
Oxygen gradient 259 
Oxygen: nitrogen ratio 305 
Oxyhemoglobin 662 

Oxyphile character, variation in Periodic 
System 102 

Oxyphile elements 95-96, 98-103, 423, 443, 
448, 458, 486, 499, 511, 533, 552, 558, 
576, 5S5, 594, 604, 610, 621, 626, 633, 
640, 658, 681, 708, 711-12, 720, 730-32, 
739, 757 

Oxysphere 394-95, 612 
Oyamalite 519 
Oysters 700, 714, 736 
Ozocerite 360 
Ozone 

in atmosphere 301-2, 306-7, 376, 408, 612 
formation in atmosphere 306-7, 376 
Ozone layer 301, 306-7, 408 
Ozonosphere 301-2 

Paehnolite 460 
Pacific area 81 
Pacific Basin 81 
Pacific Ocean 

fluorine content in bottom mud 764 
insular guano deposits 582, 592 
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potassium isotope ratio in seaweeds 424 
silicate in water 292 
Packing 63, 173, 256, 710, 772 
effect on diffusion 256 
Packing energy 63 
Packing index 710, 772 
Pala, composition of montmorillonite 206 
Palingenesis 182, 232, 247, 260-61, 396, 490, 
671, 717 

Palingenetic granite 261 
Palladium 

abundance 689 
alloys 690, 716 
in coal ashes 694 

geochemical character 101, 688-89 
geochemistry 688-94 
in hydrothermal arsenides 693 
in igneous rocks 691-92 
isomorphism of palladium disulfide 693 
in magmatic sulfides 692 
in manganese nodule 694 
minerals 690 
native 690 
in native iron 690 
in pneumatolytic minerals 693 
structure of disulfide 693 
Palladium: platinum ratio 692 
Pailasites 23, 29, 75-76 
abundance 29 
Pandermite 496 
formation 496 
Pansy 334 

Paraffin hydrocarbons 352, 354, 356, 360, 686 

Paragneiss 602 

Paragonite 153, 250, 430, 439 

Parawollastonite 459 

Parental magma 158 

Paricutin, amount of water emitted 280 

Parisite 518 

Parrot Shaft, composition of hot water 278 
Partial re-fusion 260, 398 
Particulate matter 298, 311, 666 
Patronite 595, 603 
formation 603 
Pauling’s rules 513 

Peat 190, 197, 344, 347, 349-51, 537, 540, 
546, 614, 684, 701, 765-66 
chemical composition 349-50 
Peat formation 344 

Pecos River, composition of water 272 

Pegmatite 9, 101, 136, 139, 148, 156, 160- 
61, 177-82, 397, 425, 427, 437-39, 441, 
445, 462, 474, 478, 487, 502, 513-15, 
518, 523-24, 526, 530-31, 533, 552, 559- 
60, 562, 564-66, 571-72, 586-87, 593, 
607-9, 625, 627, 630, 634-35, 638, 643- 
44, 646, 655-56, 662, 691, 704-5, 721- 
26, 730, 733, 739, 745, 759, 781 
classification 180-81 



elements concentrated in 178-80 
see also under names of igneous rocks 
Pegmatitic ditroite 474 
Pegmatitic granite 439, 524 

Peko Station, composition of alkaline in- 
crustation 220 
Pelagic (term) 320 
Pelagic animals 469 
Pelagic deposits 347-48 
Penetrative movements 250 
Pennsylvania, composition of crude oils 354 
Pentlandite 97, 101, 157, 159, 161, 163, 595, 
655, 669, 679-81, 686-87, 691-92, 697, 
705, 709, 744-45 
chemical composition 97 
Pentlandite-pyrrhotite intergrowth 679 
Periclase 449-50 

Peridotite 76, 78, 80, 151, 476, 566, 621, 644, 
682, 686-87, 691, 705, 746, 760 
Peridotitic shell 76, 78 
Perimagmatic deposits 183, 712 
Periodic System 790, 796-97 
Periodic Table 791 
Permanent gases 372 
Permanent ice 264 

Perovskite 460, 475, 559, 562, 606, 608 
isomorphism 607-8 
Persia 

borate deposits 495 
vanadium content in crude oil 598 
Persistence of minerals 195 
Pertkite 122, 138, 437-3S 
Peru, borate deposits 495 
Petalite 139, 425, 427 
Petrogenic elements 94, 96 
Petroleum 190, 197, 213, 231-32, 244, 268, 
277, 300, 309, 311, 319, 321, 340-41, 344, 
351-62, 420-21, 489, 536-37, 539, 541, 
545-47, 598-99, 603, 62S, 637, 6S6, 755, 
766-69, 772-74, 776, 782-83, 785 
chemical composition 231, 311, 352-53 
combustion of 309, 311, 536-37, 541, 545, 
547 

formation 354-58 

metal-organic compounds in 353, 599, 62S 
mother-substances 354, 766, 773, 785 
radioactivity 357 

Petroleum brines 357-60, 489, 637, 766, 76S- 
69, 782, 785 

Petroleum gases 300 

Petroleum hydrocarbons 232, 340-41, 353, 
355-56, 421, 537, 598, 603, 628 

Petroligenic gases 360-62, 772-74, 776 
chemical composition 361-62 
classification 361 

pH 192, 205, 20S, 227-30, 233, 235, 284, 
291-92, 313, 316, 339, 346, 355, 363, 
405, 433, 454, 456, 463, 466-68, 502-3, 


SUBJECT INDEX 

554, 556, 591, 648, 664-65, 673; see also 
Hydrogen-ion concentration 
Phacellite 141 
Pharmacolite 461 
Phenakite 172, 445, 710 
isotypy 710 
Phenols 352 

Philipsburg area, metasomatic formation of 
scapolite 257 
Phillipsite 298, 405, 432 
Phlogopite 153, 155, 438, 449, 473, 478, 558, 
597, 641, 710 
structure 155 

Phonolite 396, 424, 437, 476 
Phosgenite 758 

Phosphate concretions 217, 591, 593 
chemical composition 217, 591 
Phosphate nodules 217, 591 
Phosphate sediments 217, 342, 589, 591-93, 
599-600, 714, 727, 742, 763-64, 766, 768 
concentration of elements in 591, 714, 
727, 763-64, 766, 768 
Phosphate waters 276-78 
Phosphatic brachiopods 327, 591 
Phosphatic limestone 592 
Phosphatization 592 
Phospholipids 588 
Phosphoproteins 588 

Phosphoriferous iron ores; see under Iron ores 
Phosphorite 197, 321, 461, 482, 593, 601, 
714, 742 
Phosphorus 
abundance 584-85 
affinity for 518 

in biosphere 339, 363-64, 588-92 
co-ordination 241 
cycle 339, 363-64, 588-92 
diadochy 156, 514, 526, 572, 586-S7, 596, 
739-40 

geochemical character 584-85 
geochemical coherence with titanium 585- 
86 

geochemistry 584-93 
in igneous rocks 585-88 
in iron ores; see under Iron ores 
isomorphism of phosphates 739 
leaks in cycle 5S9, 592 
ores 593 

in rain water 315 
in sea water 363-64, 588-92 
in sediments and sedimentary rocks 590 
in surface water 590 

Photochemical dissociation 303-4, 369, 373- 
76, 379-80, 401, 6 3-14, 618 
Photochemical ionization 369 
Photochemistry 301, 303-4, 306-7, 321, 335- 
38, 369, 373-76, 379-80, 401-2, 408, 574, 
578, 580-82, 613-14; see also Photo- 
synthesis 

Photoreduction 337, 408 
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Photosynthesis 193, 227-28, 232, 28S, 291, 
304, 321, 329, 335-3S, 400-401, 408, 442, 
452, 454, 456, 469, 535, 537, 540-41, 543, 
546, 614-15, 618, 663 
energy accumulation by 338 
mechanism 336-37 
total yield 337, 546 

Phyllite 222, 232, 244, 247, 482, 567, 623, 652 
chemical composition 222, 247 
Phyllosilicates 119, 462, 504 
Physical sediments 197-9S 
Physicochemical systems, distribution of 
elements in 85-S8, 91, 93-94, 3S7-88, 744 
Phytoplankton 292, 354, 363, 468, 581-82, 
588-89, 666, 785 
Picotite 621 
Picrite 622 
Picromerite 434 
Pig iron S5-86, 3S7, 594, 630 
Pigeonite 148, 449 
Pigmented hydrocarbons 341 
Pigments 337, 352-54, 598, 662, 701 
Pilandsberg, nepheline syenite 177 
Pimelite 684 
Pinna squamosa 653 
Pinnaglobulin 653 
Pinnoite 496 
Pirssonite 435, 461 
Pitchblende 635, 788 

Pitkaranta, indium content in sphalerite 726 
Placer deposits 202, 398, 564, 567, 572, 609, 
636, 694, 706, 735, 763 

Plagioclase 20, 22-23, 25-26, 122, 126, 129, 
132, 135-37, 141-42, 159, 165, 167, 172, 
174-77, 181, 194, 425, 429, 431, 444, 449, 
460-62, 464, 471-74, 499-500, 513, 525, 
597, 660, 710-11, 723-24, 730-32 
chemical composition 135-36 
isomorphism 660 

separation from magma 167, 172, 174-75 
weathering 464 

see also under each member of this series 
Plagioclase granite 711 
Plagioclase -microcline granite 711 
Plagioclase rocks 444, 711, 731 
Planetary chemistry 367-6S 

Planets 17, 368, 370-81, 386, 403, 415, 532, 
574 

atmospheres 371-81, 386, 403, 574 
collisions in atmospheres 380 
density 370-72 
hydrospheres 372, 375, 379 
internal constitution 370-73 
mass 370, 373-74, 378 
molecules in atmospheres 373-81 
protoatmospheres 371, 373-75, 378-80 
protohydrospheres 379 

892 


see also under Giant planets; Terrestrial 
planets 

Plankton 291-92, 343-44, 354, 358, 363-64, 
468, 578, 581-82, 588-89, 637, 666, 707, 
742, 768, 785 
Plant life, evolution 408 
Plants 193, 210-11, 215, 227-28, 232, 288- 
89, 291, 304, 310, 319-24, 327-38, 340, 
343-48, 350-51, 353-54, 357, 362-63, 
400-401, 406-9, 431, 441-42, 447, 452, 
456, 462-63, 465, 469, 479, 488, 505-6, 
531, 535-37, 539, 541, 548, 550, 553, 556, 
569, 573, 578-82, 588-89, 598, 603, 614, 
624, 637-38, 653, 662-63, 666, 686, 700, 
706-7, 714, 718, 728, 736-37, 742, 747- 
49, 751, 754, 761-62, 767, 775 
accumulation of elements in 330-35 
chemical decomposition 343-45 
number of 321 

Plateau basalt 36, 76, 15S-59, 732 
chemical composition 159 
Platiniferous norite 690, 694 
Platiniridium 690 

Platinum 
abundance 689 
alloys 690 
in biosphere 694 

geochemical character 101, 688-89 

geochemistry 688-94 

in igneous rocks 692 

isomorphism of platinum disulfide 693 

in late crystallates 693 

in magmatic sulfides 692 

in minerals 690-93 

native 182, 690-91, 693-94 

in sediments 694 

structure of disulfide 693 

Platinum metals 101, 353, 389, 655, 669, 
688-94, 696, 702-3, 705 
abundance 688-89 
alloys 690-91, 696, 703 
in biosphere 353, 694 
cycle 693-94 

in early crystallates 690, 692 
geochemical character 101, 6S8-90, 692 
geochemical coherence 688 
geochemistry 688-94 
heavy 688 

in igneous rocks 689-93 
as indicators of origin of metamorphic 
rocks 692 

in late crystallates 691, 693 

light 688 

minerals 690 

native 689-91 

ores 669, 692, 694 

in sediments 694 

in zone of oxidation 693 

Plattnerite 731 
Pleochroic haloes 524 
Plessite 19-20, 24 



Pleurobranchiis plumula 33 5 
Plumasitic minerals 181 
Plumasitic pegmatite 181-82, 445, 513, 526 
typical minerals 181 
Plumasitic rocks 514 
Plumbiferous feldspar 733 
Plus water 416 
Pluto 370, 377 

composition of atmosphere 377 
Plutonic metamorphism 246 
Plutonic phenomena 246, 393-94 
Plutonic rocks 36, 245, 458, 475, 559 
Plutonium 

chemical properties 788 
fission 788 

geochemistry 787-88 
isotopes 787-88 
in pitchblende 788 
in uraninite 633 

Pneumatolytic deposits 161, 179, 182-84, 
397, 424, 460, 473, 478, 486, 513-14, 
524, 586, 609, 627, 630, 644-46, 655-56, 
670, 693, 698, 704, 721, 723-24, 726, 
732-33, 746, 759, 781 
elements concentrated in 179 
Pneumatolytic emanations 184 
Pneumatolytic metamorphism 245, 256 
Pneumatophile elements 397-9S 
Pneumatosphere 397-98 
composition 397 

Pocos de Caldas Plateau, zircon deposits 567 
Podzolic soils 210 
Podzolization 210, 503 
Polar nature 235 

Polar regions, carbon dioxide content 
in air 545 
in sea water 545 
Polar symmetry 239 
Polarizability 113, 235, 242 
effect on replaceability 242 
Polarization 105, 113, 235, 239, 242, 418 
Polarizing power 113, 235 
Polianite 484, 642 
Pollen 320, 344, 351 
Pollen coal 351 

Pollucite 111, 437-39, 478, 724 
Pollution 

atmospheric 310-15, 578 
of surface water 270 
Polonium 

abundance 782 
geochemistry 781-83 
isotopes 783 
in late crystallates 781 
Polybasite 704 
Polycrase 608 
Polyhalite 434, 461, 481 


SUBJECT INDEX 

Polymerization 265, 360, 598, 635, 686 
P olymethylene hydrocarbons 352 
Polyoxymethylene hydrates 375 
Polysaccharides 553 
Polyxene 690 

Pondera field, composition of natural seas 
362 

Poonah, composition of dolerite 209 
Pore solutions 261, 297, 299 
Porpezite 690 

Porphyrin complexes 599, 602, 662, 72S 
Porphyrins 352-54, 452, 580, 599, 602, 662, 
701, 728 
Portlandite 450 
Positron 777 
Potarite 690 

Potash feldspar 104, 115, 122, 124, 126, 129, 
131, 136-41, 143, 165, 16S-69, 194, 425, 
429-31, 437-38, 471-77, 500, 525, 527, 
530, 660, 723-24, 726, 733 
chemical composition 136-37 
composition by volume 115 
Potash-soda feldspar 132, 137-3S 
Potassic pegmatite 705 
Potassium 

abundance 422-24 
in biosphere 358, 441-42 
co-ordination 429 
cycle 431 — 33 

diadochy 104, 4 35-36, 471-73, 4 SO, 487, 
525-26, 577, 586, 723, 733 
2?-value 429 

geochemical character 422-23 
geochemical coherence 
with cesium 436 
with lead 104, 733 
with rubidium 110, 436 
geochemistry 422-24, 429-36, 441-42 
heat of formation of compounds 560 
in igneous rocks 429-31 
isotopes 423-24, 633, 776-77, 783 
in minerals 135-36, 430, 434-35 
in petroleum brines 358 
in sea water 405, 432-33 
in sediments 199, 235-37, 431-36, 440 
sources 434 

Potassium astrakanite 434 
Potassium mica 430 
Potential energy 112 
Powellite 461, 627 
Prairie fires 536, 541 

Praseodymium 
abundance 510-11 
geochemical character 511 

Precipitates 198-200, 215-20, 225, 297, 299, 
455, 464, 480, 484, 505, 600, 623, 648, 
736, 752 

che mi cal composition 217 
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Precipitation 270, 274, 281, 288, 293, 296, 
29S, 310-18, 419, 577-7S, 751, 754 
annual amount 316-17 
colored 310 
salt content 317-18 
see also Rain water 
Pressure of dispersion 251-52, 258 
Priceite 496 

Primary elements 322-23, 326, 533 
Princetown, composition of salt solution in 
cavities of granite 267 
Priorite 608 

Promethium 66-68, 518, 778, 780 
chemical properties 7S0 
geochemistry 780 
isotopes 780 

occurrence in Nature 66-68, 780 
Prosopite 460 
Prospecting 334, 362 
Protactinium 
abundance 782, 786 
chemical properties 786 
geochemistry 781-82, 786 
isotopes 781, 786 
in late crystallates 781 
Protactinium series 7S1 
Protective action 236 
Protective colloids 213, 236, 554, 647 
Protective elements 426, 567 
Protein complexes 333, 653, 662, 700-701 
Proteins 214, 232, 322, 326, 333, 335, 337, 
339, 340-41, 344, 348, 355, 357, 406, 
468, 535, 556, 580-81, 588, 653, 662, 
668, 700-701, 747, 750-51, 762 
chemical composition 326 
Proteolytic bacteria 582 
Protoatmosphere; see Atmosphere, primor- 
dial 

Proton 46, 49-51, 58, 60-61, 65-69, 71, 73, 
415, 508 

Proton number 46, 49-51, 58, 60-61, 65-68, 
508 

absence 67 

Protopetroleum 353, 357 
Protoplasm 289, 338, 341, 363, 479 
Protosial 397-98 
composition 397 
Protozoans 335, 479 
Proustite 704 

Provo Canyon, selenium content in sedi- 
mentary rocks 754 
Pseudo -igneous rocks 128, 245 
Psilomelane 529, 630, 642, 650 
Psychozoic era 407 
Pteropod ooze 348 
Pteropods 348 
Pucherite 597 


Pumice 188 
Purines 580 

Purple bacteria 337, 408 
Purple snails 335, 762, 766 
Putrefaction 193, 344, 351, 538, 581 
Pyrargyrite 704 
Pyridines 352 

Pyrite 97, 99-101, 157, 161, 182, 187-88, 
201, 203, 214, 216, 347, 350, 357, 642, 
646, 660, 669, 674, 679-81, 685', 691, 
705, 709, 716, 727, 734-35, 739, 741- 
42, 745, 749-50, 755 

chemical composition 97, 100-101, 161, 
674, 679-80, 691 
isotypy 642 
Pyrite deposits 

hydrothermal, geochemical characteristics 

. 674 

sedimentary, geochemical characteristics 
674, 741 

Pyrite -sphalerite intergrowth 709 
Pyrobelonite 642 
Pyroehlore 460, 608, 739 
isomorphism 608 
Pyrochroite 642 

Pyrolusite 4S4, 642, 650-51, 653 
Pyromorphite 530, 5S9, 734, 70S 
Pyrope 449, 462, 645 
Pyrophanite 559, 642 
Pyropissite 351 

Pyroxene 22, 25, 27, 106, 119, 124, 126, 130- 
31, 134, 143-50, 152, 155, 164, 173-77, 
194, 200-201, 425-27, 430, 444, 448- 
49, 451-52, 473-74, 500-501, 512-13, 
525-26, 551, 558, 560, 563, 597, 611, 
622-23, 641, 660-61, 683, 705, 710, 723, 
725, 733, 772 ^ 
chemical composition 144-46 
cleavage 144 

diadochic substitution in 144-45, 147-48, 
1 55 

separation from magma 173-74 
structure 143-44, 147, 175-76 

Pyroxeniferous rocks, 723, 725 

Pyroxenite 146, 174, 17S, 424, 456, 476, 512, 
516, 690-92, 694, 705, 746, 760 

Pyroxenite pegmatite 178 

Pyroxmangite 641 
structure 641 

Pvrrhotite 21, 97, 99-101, 120, 157, 159, 
161-63, 187, 595, 646, 655, 660-61, 669, 
679-81, 686-87, 691-92, 697, 705, 709, 
723, 734, 744-45, 750 

abundance in igneous rocks 97, 157, 661 
chemical composition 21, 97, 100-101, 120, 
163, 679-80, 744 
formation 669 
structure 21, 120, 162-63 
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Pyrrhotite-pentlandite paragenesis 161, 163, 
595, 655, 669, 679, 686-87, 691-92, 697, 
709 

Quantum group 796-97 
Quartz 20, 22, 115, 129-31, 152-53, 160, 
164-66, 168-69, 175, 181, 183-84, 194- 
96, 198, 200-201, 203, 209, 212, 244, 
247, 261, 266, 268, 397, 448, 476, 487, 
551-53, 555, 587, 665, 673, 693, 705, 
711, 724, 730-31, 763, 785 
chemical composition of liquid inclusions 
in 266 

composition by volume 115 
isotypy 587 

lack of cleavage 152, 555 
structure 152-53 
Quartz diorite 166, 476, 711 
Quartz sand 198, 247, 665, 785 
chemical composition 247 
Quartz schist 244 
Quartz syenite 711 

Quartzite 36, 244, 247, 441, 447, 482, 4S4, 
491, 517, 529-30, 555, 564, 602, 623, 685 
chemical composition 247 
Quartzite gneiss 244 
Quasi-igneous rocks 128, 245, 261 
Quincy mine, composition of water 267 
Quinolines 352 

R-class stars 532 
It Coronae Borealis 532 
RaA 780 
RaD 772 
Radicals 369 

Radioactive decay 51, 70-71, 197, 279, 307- 
8, 357, 361, 394, 398, 402, 478, 570, 632- 
33, 635, 639, 654, 734, 737, 771, 773- 
74, 778, 781, 783 

Radioactive elements 10, 40, 47, 260, 361, 
366, 423, 457, 509, 518, 548, 550, 570, 
632-34, 639, 654, 737, 770-73, 776, 778- 
88 

abundance 778 

amount in upper lithosphere 782-83 
artificial 366, 778-81, 786-88 
chemical properties^ 784 
concentration in acidic rocks 634 
geochemistry 778-88 
mobilization in remelting 260 
short-lived 633, 654, 770-71, 778, 781-86 
geochemical character 778 
geochemistry 778, 781-86 
Radioactive equilibrium 778 
Radioactive heat 633 

Radioactive minerals 568, 571, 633, 734, 771, 
781-83, 785, 788 
Radioactive springs 359-60 
Radioactivity analysis 38 
Radioactivity of rocks 633, 781-85 


Radiocarbon 548, 550 

Radiolarian ooze 34S, 479, 482, 491, 517, 
529, 556 

Radiolarians 348, 479-80, 482, 491, 517, 
529, 553, 556 
Radiolarite 556 
Radium 
abundance 782 
in biosphere 331, 359, 7S5 
chemical properties 784 
geochemical character 778 
geochemistry 781-85 
in igneous rocks 784 
isotopes 783 
in late crystallates 781 
in natural waters 359-60, 784-S5 
ores 785 

in sedimentary rocks 785 
in sediments 784 
solubility of carbonate 784 
Radium: calcium ratio 784 
Radium emanation 780 
Radon 

in atmosphere 307, 783 
geochemical character 783 
geochemistry 781, 783 
isotopes 783 
in petroleum 352, 783 
in radioactive springs 360, 783 
RaF 783 
RaG 633 
Rain, first 403-4 

Rain water 191, 210, 227, 269, 271, 273, 276, 
293, 311-16, 333, 348, 419, 578, 718, 742 
chemical composition 276, 311-16, 408, 578 
leaching action 271, 311 
pH 227, 313, 316 
see also Precipitation 
Rammelsbergite 680 
Ramsayite 156, 560 
Rankinite 459 

Rapakivi granite 149, 166-67, 476, 758 
chemical composition 166-67 
Rare-earth apatite 524 
Rare-earth metals 41, 332-33, 474, 508-32, 
559-60, 566, 570, 572, 587, 589, 607, 
627, 632, 634-35, 688, 757, 786 
abundance 509-11 
in biosphere 333, 531 
chemical properties 511, 516, 523, 528 
definition of group 508 
diadochv 474, 513-15, 518, 521, 525-26, 
528, 530-31 
values 525 

geochemical character 509, 511 
geochemical coherence 509, 517, 519, 688 
geochemistry 508-31 
see also Lanthanides 
Rare gases; see Inert gases 
Raspite 627 
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Rate of crystallization- 160 
Rate of reaction 249-50 
Reaction series 164-65, 194 
Realgar 188, 740 
Rebirth 247 

Reervstallization 128, 196-97, 256, 46S, 490, 
541 

Red clay 348, 428, 441, 447, 466, 4S2-S3, 491, 
516-17, 529, 567, 590, 648, 652, 668, 685, 
700, 727, 784-85 
Red Sea 

iodine content in water 768 
salinity of water 218 
Red Spot 372 

Redeposition 191, 413, 419, 464 
Redox potential 26, 92, 212, 229-33, 259, 
289, 292, 339-42, 346, 355-56, 393, 458, 
523, 533, 579, 584, 596-97, 599, 603, 620, 
623, 645, 647-48, 702, 753-54, 769 
effect on 

of hydrogen-ion concentration 230 
of temperature 230 
geochemical role 229-32, 393 
Reducing conditions 205, 214, 231-32, 340- 
41, 355, 388, 532, 538, 600-601, 629, 
647-48, 666, 675, 6S5, 729, 736, 756 
Reducing power 230 

Reduction 83, 192-93, 199, 212, 229, 232, 
269, 276, 323, 334, 337, 340-41, 350, 
408, 534-35, 581, 601, 662, 664-65, 667- 
68, 701, 747, 751, 753, 755 
Reduction potential 229 
Reduzates 198-99, 213-15, 349, 352, 356 
chemical composition 215, 349, 352, 356 
Re-fusion; see Remelting 
Regenerated melt 245, 490, 667, 671 
Region E 301 
Region F 301-2 

Regional metamorphism 244, 246-4S, 262, 
447 

Reichenbach lamellae 21 
Relic 19S 

Remelting 128, 182, 243-47, 260, 262-63, 
393, 398, 589, 636, 667, 671, 763 
mobilization of elements in 260, 262-63 
Replaceability 242 
Replacement 196, 507 
Reptiles 583 

Residual melts 160, 194, 260, 389, 417, 429, 
461, 487, 587, 606, 626, 646, 661, 679, 
691, 698, 710, 723 

Residual sediments; see Resistates; Weather- 
ing residues 

Residual sediments (liptobioliths) 343 
Residual solutions 160, 165, 168, 178-79, 
184, 246, 389, 429, 437, 444-46, 456, 
487, 512-14, 518, 523, 525, 534, 562, 
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634, 659, 679, 705, 709-10, 721-22, 730, 
746 

elements concentrated in 179 
Resin coal 351 
Resins, 343, 351-52 

Resistates 198-202, 212, 215, 223, 225, 232, 
297, 419, 4S4, 489, 492, 504-5, 528, 554- 
55, 563-64, 566, 572, 589-90, 609, 623, 
636, 656, 664, 667, 694, 706, 713, 735- 
36, 752, 763, 785 

Respiration 192, 291, 293, 307, 321, 335, 401, 
406, 536-37, 540-41, 543, 598, 617, 662, 
701, 748 

Respiratory pigments 598, 662, 701 
Rhabdite 21 
Rhenium 
abundance 654 
affinity for sulfur 655 
in bituminous sediments 656 
cycle 656 
diadocby 656 
discovery 66 

in early magmatic sulfides 655 
geochemical character 654 
geochemical coherence with molybdenum 
654 ^ 

geochemistry 654-56 
in igneous rocks 654 
isomorphism of rhenium disulfide 655 
isotopes 633, 654 
in late crystallates 655 
occurrence of perrhenates 655-56 
ores 656 

in sea w'ater 656 
Rhizopods 479 
Rhodite 690 
Rhodium 
abundance 689 
alloys 690 
in coal ashes 694 

geochemical character 101, 6SS-89 
geochemistry 688-94 
in magmatic sulfides 692 
in minerals 690-91 
in sediments 694 
Rhodizite 439 

Rhodocrosite 642, 644, 651, 653 

Rhodonite 641, 652 
structure 641 

Rhomb porphyry 230 
Rhyolite 188, 527, 629 
Rice 531 

Riebeckite 148, 176-77, 181, 452 
Rime 315-16 

chemical composition 315-16 
Rinkite 518, 562 
Rinneite 668 

Rio de Janeiro, nepheline syenite 177 
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River drainage, annual amount of dissolved 
substances 273, 298 

River water 270-76, 282-83, 285-86, 288, 
310, 496, 503, 505, 577, 629-30, 765 
chemical composition 271-76, 577 
classification 273 
“igneous” 275 
“sedimentary” 275-76 
Riversideite 460 
Rock debris 298 

Rock melt 37, 232, 243-45, 247, 297, 490, 
534, 536, 539, 565, 589, 636, 643, 645- 
46, 667, 670-72, 717, 751, 763, 766 
Rock salt, chemical composition 220 
Rocky Mountains, helium content in natural 
gas 772-73 

R0nne, composition of salt solution in cavi- 
ties of granite 267 

Romaneche, composition of wad 214 
Root nodules, nitrogen-fixing 580 
Roscoelite 153, 598, 601, 603 
isomorphism 598 
Roslagen, central 

strontium content in igneous rocks 476 
tungsten content in igneous rocks 626 
vanadium content in igneous rocks 596 
Rossite 461 
Rowley Regis 
composition of clay 209 
composition of dolerite 209 
Rubiaceous plants 580 
Rubidium 
abundance 422-24 
in biosphere 331, 442 
cycle 440-41 
diadochy 436 
discovery 10 

geochemical character 422-23 
geochemical coherence 
with cesium 109-11, 436 
with lead 726 
with potassium 110, 436 
with thallium 124, 724 
geochemistry 422-23, 436-42 
in igneous rocks 436-40 
isomorphism of compounds 723 
isotopes 423, 478, 633 
in late crystallates 436-37, 724 
in mica 439 
in sea water 440 

, in sediments and sedimentary rocks 236, 
440-41 
sources 441 

Rubidium: potassium ratio 440 
Rubidium -.thallium ratio 724 
Rubinglimmer 673 

Rule of Oddo and Harkins 47-48, 60-61, 63, 
498, 511, 619, 671, 688, 719 
exceptions 48 
universal form 63 


Rule of polarity 256 

Rumania, composition of dissolved solids 
from petroleum brines 359 
Ruminant animals 331 
Runoff 316 
Russellite 628 
Russia 

chernozem soils 211 
copper in bituminous shales 699 
gallium content in clays 728 
phosphorite deposits 593 
vanadium content in crude oils 353 
Ruthenium 
abundance 689 

geochemical character 101, 688-89 
geochemistry 688-94 
in magmatic sulfides 692 
in minerals 690-91 

Rutile 127, 195, 201, 558-59, 562-65, 596, 
606, 608, 691, 730, 732, 782 
structural type 596 

SafSorite 680 

Sal ammoniac 188, 576, 758 
Saleeite 590 

Salic constituents 427, 436, 460, 597, 782 
Salic masses 258 
Salic rocks 660 

Salinity 267, 269-75, 277-78, 282-83, 285- 
88, 293, 359, 363, 433, 467-69, 493, 543, 
768 

Salt beds 275, 277, 281, 285, 358, 435, 464, 
481, 579, 673, 763, 766 
Salt lakes 220, 264, 281-83, 285-86, 434-35, 
749 

classification 282 

Salt minerals 122, 219, 284, 418, 434-35, 
449-50, 454, 484, 494, 668, 765-66, 772 
Salt rock 190, 244 

Salt sediments 190, 196-97, 218-20, 297, 481, 
495, 579 

Salt solutions 266—68, 481 
Salt water 264, 281-99 
manner of occurrence 264 
Salterns 340 

Salts, crystallization of 219 
Samarium 

abundance 510-11 
geochemical character 511 
isotopes 509, 633 

Sand 190, 196-98, 200, 215, 247, 310, 333, 
564, 572, 665, 782, 785 
chemical composition 247, 333 
Sandstone 190, 197-98, 200-202, 223, 225- 
27, 231, 244, 428, 461, 482, 484, 491, 
517, 529, 538-39, 554-55, 564, 590, 600- 
601, 603, 615, 629, 636-38, 652, 668, 674, 
685, 699, 706-7, 713, 716-17, 728, 735, 
742, 752, 754, 763, 782, 785 
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Sandstone — continued 
chemical composition 226 
mineralogieal composition 200 
Sanidine 132, 137-38, 429, 472, 500 
Sanidinization 138 
Sapphire 201 

Sapropel 190, 344-45, 347, 349, 351, 354, 356, 
489 

Sapropelic coal 349, 351 
Sapropelic sediments 354, 358, 536-37, 630, 
637, 685, 699, 701, 713, 736, 750 
Sapropelites 343-44, 629 
Saratoga Springs, trace elements in water 
277, 279 
Sarkinite 642 
Sartorite 727 
Sassolite 494-95 
Satellites 373, 380-81, 403 
atmospheres 3S0-81, 403 
internal constitution 373 
Saturated hydrocarbons 352 
Saturation limit 21S 
Saturn 370 7 72, 379-81, 403, 415 
composition of atmosphere 379-81, 415 
density 371-72 
internal constitution 370-72 
Saxony 

lithium content in granites 424 
Scacchite 642 

Scandinavia, silver content in Dictyonema 
shales 706 

Scandium 
abundance 509-11 
cycle 516-17 

diadochy 513-15, 521, 526, 732 
jE-value 513 

geochemical character 509, 511 
geochemical coherence with yttrium 110- 
11 

geochemistry 508-17, 531 
in igneous rocks 511-16 
isomorphism 

of orthoborate 497, 514-15 
of scandium columbate and tantalate 
514, 608 

in metamorphic rocks 517 
in minerals 512, 514-15, 608 
in sea w T ater 517 
in sedimentary rocks 517 
in sediments 517 
solubility 
of borate 497 
of hydroxide 516 
structure of orthoborate 514 
transfer percentage 517 

Scandium: aluminum ratio 516 
Scania 

boron content in glauconite and siderite 
491 


manganese content in oolites and siderites 
652 

titanium content in sedimentary rocks 564 
Scapolite 257, 431, 460, 533, 744, 758 
Scavengers 588 
Schapbachite 704 

Scheelite 461, 514, 523, 526, 608, 627, 629, 
631 

Schist 36, 190, 202, 244, 252, 427, 441, 447, 
482, 491, 502, 505, 517, 529-30, 539, 
563-64, 601-2, 623, 629-30, 674, 685, 
750 

Schonite 434 
Schorlite 487 

Schreibersite 20-21, 26-27, 584, 610, 620, 
677-78, 689 

chemical composition 21 
stability 584 

Sckutzdement 567 

Schwarzwald, molybdenum and tungsten 
content in granite 626 

Sciences, classification 2-3 
Seorodite 669 

r Scorpii 40-45, 415 
chemical composition 41-44, 415 
order of abundance in 42-43 

Scotland, boron content in limestones 491 
Sea ice 288 

Sea water 184 et seqq. 
abundance of elements in 287, 290-91 
carbon dioxide system 292-93, 465-66, 
468, 542-45, 547-49 

chemical composition 273-75, 286-92, 315, 
318, 359, 365, 428, 432, 440, 453, 455, 
464, 466-69, 483, 489-94, 496-97, 
505, 575, 578, 749 
chlorinity 287, 289 
density 264 

depoisoning 296, 718, 736, 741, 753 
distribution of elements between sedi- 
ments and sea w T ater 236-41, 294-96, 
393 

factors controlling concentration of ele- 
ments 288, 364 

gases dissolved in 288, 291-92, 579 
ionic exchange 298 
major constituents 287 
minor constituents 289, 291 
movements 288 
organic matter in 291 
pH 227, 291-92, 363, 405, 433, 454, 466- 
68, 665, 673 

redox potential 289, 292 

salinity 218, 273, 287-88, 405, 433 

salt content 318 

total of dissolved solids 298 

total quantity 221, 265 

total volume 265 

see also Ocean 
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Searles Lake 

closed basin 282, 284 
composition of brine 284 
mineralogical composition of solid salts 
284 

pH of brine 284 
source of lithium 427 

Seaweeds 424, 488, 701, 736, 742, 762, 767-68 
Secondary elements 322-23 
Secondary minerals 454, 460-61, 484, 500, 
529, 566, 576, 589, 595, 597, 627-29, 
638, 661, 669, 671, 680, 683, 692-93, 
698, 704, 706, 734, 747, 757, 768, 782 
Secondary water 416 
Sedimentary layer 81 

Sedimentary rocks 32, 36, 187, 190-91, 196- 
98, 220, 225-26, 243-45, 275-76, 282, 
285, 304, 360, 393, 419, 428, 441, 447, 
471, 477, 481-82, 490-93, 505, 517, 529, 
531, 538-39, 542, 546, 563-64, 573, 575, 
590, 593, 596-97, 600-602, 615-16, 623, 
630, 635-38, 643, 645, 651-52, 667-68, 
671-72, 684-85, 699-700, 713, 717, 728, 
735, 742, 750, 754, 764-66, 782-83, 785 
chemical composition 226 
formation 196-97 
redox potential 596-97 
“Sedimentary” water 275-76 
Sedimentation 190, 195-99, 202-3, 221, 224- 
27, 244-45, 248, 351, 393, 404-5, 409, 
419, 428, 432-33, 453, 469, 493, 504, 510, 
516, 528, 538, 541, 579, 589, 672 
geochemical differentiation in 224-27 
Sedimentogenic amphibolite 692, 705 

Sediments 31 et seqq . 

adsorption of elements in 237, 241 
chemical composition 199, 209, 214, 217, 
220, 222, 247, 349-50, 352, 354, 356 
of organic matter 356 
formation 191-96 

geochemical classification 197-221, 225 
ionic exchange 298 
pH 339, 355 
purity 225 

redox potential 596-97 
total quantity 221-24, 576 
total thickness 224 
total volume 224 

see also under names of the various groups 
Seismic discontinuities 77 
Selective assemblages 519-22 
Selen-tellurium 747 
Selenite-reducing bacteria 748 
Selenium 

abundance 743-44 
affinity for 723, 739 
in biosphere 335, 748-49, 754 
cycle 752-54 
diadochy 746 

geochemical character 101, 743-44, 746 


SUBJECT INDEX 

geochemistry 743-44, 746-49, 752-55 

heat of formation of selenic acid 753 

hydrothermal selenides 655 

in igneous rocks 746-47 

in late crystallates 746 

in magmatic sulfides 746 

native 747 

in native sulfur 747 

ores 755 

in sea water 752-53 
in sedimentary rocks 754 
in sediments 748, 753-54 
separation from sulfur in exogenic cycle 
231, 753-54 

solubility of selenates 753 
transfer percentage 752 
volatile compounds 748, 754 
Selenium adsorbers, secondary 748 
Selenium indicators 748 
Selenium-oxidizing bacteria 748 
Selenolite 747 
Self-supporting plants 337 
Sellaite 449-50, 757, 763 
stability 450, 757 
Semipermeable membrane 253 
Senarmontite 739 
Sepiolite 204, 449 
Sericite 397 

Series of Fournet and Schiitz 646, 696-97, 
709 

Serpentine 452, 486, 515, 684, 686-87 
Serpentine rock 486, 684, 686-87 
Serpentinite 456, 486, 515, 683, 690, 694 
Serpent inizat ion 686 

Serra de Monchique, nepheline syenite 177 
Sewage 270, 275, 590 
Sewage gas 355 

Shale 190, 197-98, 204, 221-23, 225-27, 244, 
349, 353-54, 428, 432, 441, 446-47, 463- 
64, 482, 491, 509-11, 518, 529, 531, 53S- 
39, 546, 564, 567, 573, 590, 600-603, 
615, 637-38, 652, 656, 668, 674-75, 685, 
699, 706, 713, 717, 728, 735, 742, 750, 
752, 754, 764, 767, 782, 785 
chemical composition 222, 226 
Shearing stress 177, 246, 248-49, 256 
Shell; see Exoskeleton 
Shell rule 51, 58, 60-61, 63 
Shells, in nuclei 58-59 
Shonkinite 760 
Shower meteors 370 
Shungite 598, 629 
Shungite schist 629 
Sial 81-82, 392, 667 

Sial crust 32, 36-37, 129, 258, 396, 398, 423, 
498, 633; see also Crust; Lithosphere, 
upper 
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Sialrna 82, 158 

Sicily, sulfur deposits 753, 7 55 
Siderazot 576 

Siderite 22, 216, 232, 357, 397, 428, 441, 491- 

92, 514, 526, 534, 564, 600-601, 623, 
629, 644, 651-53, 661, 669, 671, 673, 675, 
684-85, 713, 723, 727, 741 

isomorphism 22 

Siderite ores; see under Iron ores 
Siderites; see Irons 
Sideritic shale 675 
Siderolites; see Stony-irons 
Siderophile elements 88, 90-94, 96, 103, 214, 
332, 388, 396, 533, 585, 594, 626, 640, 
654-55, 657-58, 677-78, 688-90, 692- 

93, 695, 702-3, 705, 720, 729, 738, 743, 
757 

concentration 

in arsenides and antimonides 693, 705 
in sulfides 627, 655, 692-93, 703 
Siderosphere 76-77, 88 
Siebengebirge, iodine content in basalt 760 
Sigillaria 335 
Silica 

colloidal 235, 553-55, 668, 673 
formal derivation of aluminosilicates from 
133-34 

inorganic precipitation 553, 555-56, 675 
in natural waters 229, 272, 553-56 
organic precipitation 556 
reduction by hydrogen 83 
in sediments; see Siliceous sediments 
solubility 229, 554, 556 
Silica glass, structure 169-70 
Silicate, crystalline, structure 169-70 
Silicate minerals, structural classification 
117-19 

Silicate waters 276 
Silicates 

free energy of formation 88-89, 102 
isomorphism 730 
Siliceous bauxite 506 

Siliceous sediments 196, 199-200, 216-18, 
225, 321, 464, 491, 506, 554-56, 675, 
722 731 

Siliceous sinter 216, 218, 491, 556, 722, 731 
Siliceous sponges 489, 553 
Siliceous structures 203, 553, 555-56 
Siliceous waters 277-78 
Silicic rocks 230, 444, 499, 512, 523, 626, 
643, 682, 687; see also Acidic rocks 
Silicic waters 278 

Silicification 134, 141, 153, 402, 535, 675 
degree of 134, 141, 153 
Silicon 

abundance 152, 551 
in biosphere 331, 553 
cycle 553-56 


diadochy 134-35, 145, 149, 153, 156, 205, 
444, 488, 501, 504, 514-15, 526, 561- 
62, 572, 586-87, 730 
£-value 730 

geochemical character 551 
geochemical coherence with germanium 
730 . 

geochemistry 551-56 
in igneous rocks 551-53 
in natural waters 555 
in sediments 196, 554-56 
Silicon metasomatism 257, 534, 536 
Silicon-oxygen tetrahedra, type of linkage 
117-19 

Silicophosphates 587 
Sillenite 739 

Sillimanite 119, 124, 134, 171, 195, 253, 501 
heat of formation 171 
Silt 202, 685, 700 
Silver 

abundance 702 
affinity for sulfur 703 
alloys 703-4, 716 
in biosphere 706-7 
cycle 706-7 

geochemical character 99, 702-3 
geochemical coherence 
with copper 703 
with gold 703 
geochemistry 702-7 
in igneous rocks 703-5 
in late crystallates 704 
in minerals 99, 703-4, 706, 734 
native 699, 704-5 
ores 704, 706, 734 
precipitation 
as bromide 706 
as chloride 706 
as iodide 706 
as sulfate 706 
as sulfide 706, 736 

regional variations in abundance 706 
in sea water 707 
in sedimentary rocks 706 
in sediments 706 
solution as sulfate 706 
in zone of reduction 706, 736 
Silver: gold ratio 705 
Silvestrite 576 
Sima 82, 423, 634, 667 
Simple pegmatites 182 
Simpsonite 608 
Siserskite 690 

Skarn 244, 256, 446, 459-60, 462, 536, 672 
Skarn minerals 446, 459-60, 462 
Skeletal material, chemical composition 
326-27, 592 

Skeleton 216, 274, 326-27, 409, 452, 463, 469, 
479, 489, 531, 553, 556, 588, 591-92, 653, 
761-62 
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Skogsbole, rubidium and cesium in pegma- 
tite minerals 439 
Skutterudite 680 

Slag 85-86, 387, 594, 630, 642, 679 
Slate 190, 197-98, 244, 539, 750 
Smaltite 680 

Smitksonite 711, 713, 727 
isomorphism 713 
Smoke 312, 742 
Snails 335, 762, 766 
Snow fields 264 
Soapstone 536 

Soda feldspar 122, 137, 139, 141, 143, 429- 
30, 500 

Soda lakes 435, 589 

Soda leucite 134, 143 

Soda microeline 137 

Soda orthoclase 132, 137 

Sodalite 140, 141, 444, 744, 758-59 

Sodic amphibole 710 

Sodic pegmatite 705 

Sodium 

abundance 422-24 
in biosphere 331, 441-42 
co-ordination 117, 133, 429 
cycle 431 — 33 

diadochy 148, 156-57, 435, 472, 487, 526, 
586 

E-value 429 

geochemical character 422-23 
geochemistry 422-23, 429—36, 441-42 
heat of formation of compounds 560 
in igneous rocks 429-31 
in mica 430 

in sea water 294-95, 405, 432, 464 
in sedimentary rocks 464 
in sediments 199, 433-36 
sources 434 

in surface water 432, 464 
Sodium: calcium ratio 175, 463-64 
Sodium chloride, structural type 21, 106 
Sodium .-chlorine ratio 765 
Sodium mica 430 
Sodium: potassium ratio 430-32 

Sodium sulfate sediment, chemical composi- 
tion 220 

Softening of water 269 

Sogndal, gallium content in bytownite 722 

Soil 204, 210-12, 227-28, 264, 268, 281, 297- 
98, 300, 307, 310, 312, 315-16, 318, 333- 
35, 339-40, 346-48, 362, 409, 441-42, 
454, 463, 479, 488, 503, 506, 529, 531, 
536, 540, 569, 573, 578, 580-81, 588-89, 
598, 624, 628, 637, 653, 662, 667, 684, 
686, 699, 707, 714, 728, 737, 742, 747- 
48, 751, 754-55, 761, 764-69 
concentration of elements in 333-34 


fertility 212 

migration of elements in 210 
pH 228, 346 
redox potential 212, 346 
Soil bacteria 4S8, 580, 598, 628 
Soil minerals 212, 764 
Solar atmosphere; see under Sun 
Solar -material core 83, 385, 391, 396, 398, 
416 

Solar prominences; see under Sun 
Solar System 14, 17, 368, 370, 383, 385-S6, 
614 

origin 386 

Solid diffusion 252, 260-61 
Solid solutions 120, 135, 551, 610, 677, 689, 
693 

structurally different kinds 120 
Solid state 

ionic migration in 254, 261 
reactions in 243, 250, 252-53, 256, 260-61 
Solidus 135 

Sols 233-35, 503, 554-55, 649-51, 664, 666, 
668, 673 

electric charge 234-35 
Solubility product 215, 218, 299, 465 
Soot 310, 313 
Sorosilieates 119 

Sorption 233-37, 241, 299, 431, 699 
geochemical role 233-41, 299 
see also under Adsorption; Chemosorption 
Sorting 190, 196, 22 5, 243, 244 
agents 196 

chemical separation in 196 
South Sea, content of zinc and cadmium in 
insular phosphates 714 
Speetrochemical analysis 

optical 10, 334, 367, 370, 375, 377, 379, 
382, 512, 569 
X-ray 10 

Sperrylite 690-91, 693, 740 
decomposition 693-94 

Spessartite 513, 526, 587, 641, 644, 652, 730 
Sphalerite 99-100, 126, 182, 188, 201, 268, 
342, 646, 680, 704, 708-9, 711-13, 721, 
724-27, 733-34, 740 
chemical composition 100, 709, 725, 727 
as indicator of indium 725 
isomorphism 725 
structure 712 

Sphene 127, 131, 155-56, 175, 195, 461-62, 
475, 523-24, 526, 530, 558-60, 562-63, 
586, 596, 606, 732, 772, 781-82 
diadochic substitution in 156 
structure 156 

Spheres, geochemical; see Geospheres 
Spherical condenser 234 
Spherocobaltite 680 
Spilite 535-36 
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Spinel 22, 124, 165, 449-52, 499, 620-21, 
642, 661, 681, 710-11 
structural type 22 

Spodumene 139, 145, 148, 182, 425, 427 
Sponges 489, 553, 556, 762 
Sporadic meteors 17, 370 
Spore coal 351 
Spores 320, 344, 349-51 
Spraying 274, 297-98, 311, 313, 317 
Spring water 264, 269-70, 276-78, 359, 663, 
718, 750, 752 _ 

chemical composition 269-70, 277-78 
Squeezing-out 160, 260, 395, 401 
Stability 

against weathering 194-95, 492, 555, 563, 
566, 590, 599, 609, 623, 628, 664, 735, 
762 

of structure 114, 173, 246, 609 
Stability principle 194 
Stagnant waters 291, 344, 591, 668, 749 
Stainierite 680 
Stanleya 748 
Stannite 693, 726, 734 
Starches 340 

Stars 38, 40-45, 69-73, 381-84, 415, 443, 
530, 532, 557, 574, 695, 708, 770 
atmospheres 38, 44, 415, 443, 530, 532, 
557, 574, 695, 708 
chemical composition 44 
density 382 
interiors 415 

molecules in atmospheres 44, 532 
source of energy 72-73, 415, 532, 770 
Stassfurt area 

absence of ammonium salts in salt beds 
579 

argon content in mine gases* 776 
borate minerals in salt beds 496 
salt beds 219, 496, 579, 776 
Staten Island, composition of kaolinite 206 
Staurolite 195, 201, 222 
Stavanger area 

chromium content in phyllites 623 
composition of phyllites 222 
Steenstrupine 181, 608 
Steigerite 597 
Stellar; see Stars 
Stephanite 704 
Stercorite 592 
Sterols 553 

Stibiopalladinite 690, 693 
Stibiotantalite 608 
Stibnite 740 

Stichopus Moebii 335, 598 

Stockton quadrangle, metasomatic reactions 
in limestone 257 


Stolzite 627-28 
isomorphism 628 

Stones (meteorites) 22-26, 28 -30, 74-76, 
369-70, 401, 422-23, 443, 448, 457-58, 
485, 498-99, 509-11, 529, 551, 557, 
570, 574, 584, 594, 605, 610, 612, 619- 
20, 632, 640, 657-58, 678, 689, 695, 702, 
708, 729, 781-83, 786 
abundance 29 
chemical composition 26 
gases in 369 

see also Meteorites, silicate phase 

Stony-irons (meteorites) 23-25, 28-29, 498 
abundance 29 

Stratosphere 301-2, 305, 307-8, 773 
chemical composition 305 

Strengite 662 

Strict aerobes 340 

Stromboli, composition of fumarole deposits 
188 

Strontianite 217, 474, 477-78, 481, 530 
isomorphism 477 

Strontium 
abundance 457-58 
in biosphere 479-80 
cycle 480-84 

diadochy 469, 471-74, 477, 480-SI, 526, 
530-31, 586, 736 
in feldspars 471-73 
geochemical character 457-5S 
geochemical coherence 
with barium 109, 111, 471 
with calcium 110 
geochemistry 457-58, 470-84 
hydrothermal minerals 477 
in igneous rocks 470-78, 483 
isotopes 478-79 
in metamorphic rocks 482 
ores 478 
precipitation 
as carbonate 480 
as sulfate 480 
radiogenic 478 

regional differences in abundance 457 

in sea w T ater 480, 483 

in sedimentary rocks 482 

in sediments 482 

solubility of compounds 477, 480 

Strontium: barium ratio 476, 478, 482-83 

Strontium: calcium ratio 479 

Strontium feldspar 139, 472-73 
isomorphism 472-73 

Structural anisotropy; see Metamict disinte- 
gration 

Structural deficiency 120, 254, 740 

Structural disorder 254, 693 

Struvite 454, 592 

Sturgeon River gold mine, composition of 
■water 267 
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Stuttgart area, Ba:Sr ratio in spring water 
269-70 

Submarine volcanoes 648, 672, 675, 784 
Submarine weathering 648 
Subsilicic rocks 626, 643, 682, 685; see also 
Basic rocks 
Subsoil 333 
Succinite 351 

Sudan, pH of water in alkali soil 227 

Sugar cane 442 

Sugars 340 

Sulfate deposits 276 

Sulfate-reducing bacteria 193, 269, 340-41, 
356-57, 749-51 

Sulfate waters 270, 273, 276-78, 282 
Sulfide melt 159, 168-69, 743-44 
Sulfide meteorites 27, 388 
Sulfide-oxide shell; see Chalcosphere 
Sulfide-oxidizing bacteria 750 
Sulfide pyroxenite 691 
Sulfide waters 276, 358 
Sulfides 

free energy of formation 88, 90-91, 102 
heat of formation 458 
organic 352 
Sulfoborite 496 
Sulfohalite 284 
Sulfones 352 
Sulfonic acids 352 

Sulfophile character, variation in Periodic 
System 102 

Sulfophile elements 96, 98-102, 344, 655, 
692, 696, 703, 715, 745-46 

Sulfoproteins 214, 232, 341, 668, 747, 751 

Sulfoxides 352 

Sulfur 

abundance 743-44 

affinity for 88, 387-S8, 627, 646, 655, 657, 
678, 685, 695-97, 703, 709, 713, 723- 
24, 730, 733, 739, 743-45 
in atmosphere 307, 314, 751 
bacterial reduction of compounds 747, 
749-51, 753 

in biosphere 212, 339, 343-44, 352, 685- 
86, 699, 701, 747-51, 753 
co-ordination 241, 749 
cycle 339, 668, 747, 749-52 
cvclic sulfate 276 
diadochy 156, 586, 746 
excess in pyrrhotite 21, 120, 163, 744 
geochemical character 101, 743-46 
geochemistry 743-55 
heat of formation of sulfuric acid 753 
hvdro thermal sulfides 161, 634-35, 642, 
646, 655, 679, 685, 705, 709, 716, 746 
hydrothermal sulfosalts 693, 705 
in igneous rocks 96—102, 744-46 


juvenile 751, 754-55 
in late crystallates 745 
in magmatic sulfides 744 
minerals 744-45 

native 184, 188, 217, 350, 352, 668, 716, 
747, 750-51, 754-55 
native sulfur in sediments 217, 754-55 
ores 307, 314, 343, 750-51, 753-55 
pneumatolytic sulfides 161 
precipitation 
as native sulfur 750 
as sulfate 749, 751-52 
as sulfide 229, 750, 752 
production of hydrogen sulfide 747, 749- 
5! 

in rain water 276, 314 
reduction of sulfates by hydrogen 341 
in sea water 405, 749-53 
in sedimentary rocks 752 
separation from selenium in exogenic cycle 
231 753-54 

solubility of sulfate 749, 751, 753 
sources in minor cycle 750-51 
sulfates in sediments 212, 219-20, 668, 
751-52, 755 

sulfides in sediments 199, 214, 344, 357, 
600, 629-30, 637, 668-69, 674, 685- 
86, 699, 701, 713, 750-51 
sulfuric acid 

as a weathering agent 193 
in soil 228, 751, 755 
in surface water 276, 749 
transfer percentage 750, 752 
volatile compounds 276, 307, 314, 751 
in volcanic sublimates 751 
Sulfur bacteria 215, 747, 749-51 
Sulfur metasomatism 257 
Sulfur: selenium ratio 743, 746-47, 752-54 
Sulfuretum 668, 750-51 

Sulphur Bank, composition of mineral water 
278 

Sultan Tshair, origin of borate deposits 496 
Sulvanite 595 

Sun 38-46, 72, 368-70, 373, 380, 383-84, 
386, 415, 421, 423, 443, 448, 457, 485, 
498, 509-11, 530, 532, 551, 557, 574, 
584, 594, 605, 610, 619, 625, 632, 641, 
654, 657, 678, 6SS-S9, 695, 703, 708, 
715, 720, 729, 738, 744, 756, 770, 778 
absence of elements in 40 
abundance of elements in atmosphere 88- 
45, 383-84 

atmosphere 38-46, 3S3-84, 386, 415, 423, 
443, 448, 457, 485, 498, 509-11, 530, 
532, 551, 557, 574, 584, 594, 605, 610, 
619, 625, 632, 641, 654, 657, 678, 688- 
89, 695, 703, 708, 715, 720, 729, 738, 
744, 756, 770,778 
chemical composition 43, 386, 415 
molecules in atmosphere 574 
order of abundance in atmosphere 42-43 
prominences 415 
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Sunday Lake 

composition of iron carbonate 217 
Sunspots 448 

Supercritical solutions 160, 397 
Superficial constituents 185 
Supergene deposits 279 
Superphosphate fertilizers 764 
Supersaturation 297, $97, 465-67, 469 
Surf 298, 311 

Surface phenomena, effect on metasomatic 
metamorphism 256 
Surface tension 256 

Surface water 184, 213, 219, 227, 264-65, 
270-76, 279-80, 315, 343, 358-59, 419, 
432, 453, 589, 603, 649, 663, 665, 674, 
_ 699, 712, 755, 764, 767 
dissolved gases in 273 
pH 227, 665 

see also Lake and river water; River water 
Susceptibility to weathering 194 
Sussexite 642 
Svanbergite 477 

Svaneke, composition of salt solution in 
cavities of granite 267 
Swamp gas 355 
Sweden 

boron content in igneous rocks 485 
boron in manganiferous iron ores 486-87 
chromium content in igneous rocks 619 
Co:Ni ratio in igneous rocks 677 
helium content in mine gas 772 
kolm and alum shales 637-38 
lithium deficiency in iron ores and associ- 
ated rocks 425-26 

sphalerite in Cambrian alum shales 713 
strontium content in igneous rocks 458 
tungsten content in igneous rocks 625 
vanadium content 
in alum shales 601-2 
in iron ores 595 

zinc content in igneous rocks of the Ur- 
granite suite 711 
Sweden, central 

beryllium content in skarn iron ores 446 
molybdenum and tungsten content in iron 
ores 630 

origin of iron ores 426 
Sweden, southern, uranium content in 
alum shales and kolm 637 
Switzerland, nickel in crude tars 360 

Syenite 35, 136, 146, 149, 174, 424, 437, 444, 
475-76, 486, 500, 516, 527-28, 560, 564, 
572, 585, 596, 605-6, 621, 634, 646, 682, 
711, 725, 746, 760 

Syenite pegmatite 560, 564, 572, 634 
Sylvanite 705, 747 
Sylvite 434, 481, 728, 772 
Symmetry rule 51, 59 
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Symplesite 662 
Syngenite 434 
System 

air-water-calcium carbonate 293 

AkO 3 -Si0 2 501 

Ca0-P 2 0 5 586 

CaO-SiOs 459 

Fe-Ni-S 678 

Fe0-Al 2 0 3 -Si0 2 659 

FeO-Si0 2 660 

Fe 2 0 3 -Si0 2 660 

Fe-S 669 

K 2 0-Fe 2 0 3 -Si0 2 660 
MnO-Si0 2 641 
PbO-Si0 2 731 
SnO-Si0 2 731 
Sn0 2 -Si0 2 731 
Ti0 2 -Si0 2 560 
Zn0-Al 2 0 3 -Si0 2 710 
Szmikite 651 

Tachyhydrite 461 
Taenite 19-20, 24, 677 
structure 19 
Tail (comets) 368-69 
Talc 119, 449, 452, 535, 586, 686 
Talc-carbonate rock 535 
Tangential potential difference 234 
Tantalite 607-8, 627, 644, 661, 691, 704 
Tantalum 

abundance 604-5 
co-ordination 241 
cycle 609 

diadochy 514, 606, 732 
effect of lanthanide contraction on geo- 
chemistry 110 

geochemical character 604-5 
geochemical coherence 

with columbium 110-11, ISO, 604 
with titanium 607 
with zirconium 607 
geochemistry 604-9 
in igneous rocks 604-9 
in late erystallates 605-9, 634-35, 655 
in minerals 514, 606-9, 634-35, 655 
ores 609 

in sediments 609 

tantalates in cassiterite and wolframite 
60S 

Tapiolite 607-8, 691 
isomorphism 607 
Tar 360 

Tarnowitzite 733 
Tarnung 127 
Tawmawite 621 
TCe 517 
Tea plant 761 
Teallite 734 

Technetium 66-68, 778-80 
chemical properties 780 ** 
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geochemistry 779-80 
isotopes 779 

occurrence in Nature 66-68, 779-80 
Tectonic movements 245-46, 249, 279, 716 
Tectosilicates 119, 425, 449, 460, 462, 553, 
560 

stability 462 
Teinite 747 
Tektites 30-31 
chemical composition 30 
petrographic composition 31 
Telemagmatic deposits 183, 716 
Telluric iron; see Iron, native 
Tellurite 747 
Tellurium 

abundance 743-44 
affinity for 703, 739 
metals 747 
in biosphere 749 
co-ordination 241 
cycle 754 

geochemical character 101, 743, 746 

geochemistry 743-44, 746-47, 749, 754-55 

in igneous rocks 746-47 

in magmatic sulfides 746 

native 747 

ores 755 

Temperate Zone, North, combustion of 
fuels in 547 

Tendency of destruction 195 
Tendency of formation 195 
Ten-mile crust 34, 617 
Tennantite 698 

Tennessee, phosphorite deposits 593 
Tenorite 699 
Tephroite 150-51, 641 
isomorphism 641 
Terbium 

abundance 510-11 
geochemical character 511 
Terra rossa soil 211, 503 
Terres fares 517 
Terrestrial biocycle 319-20 
Terrestrial planets 370-71, 373-77 
atmospheres 374-77 
internal constitution 370-71 
Terrigenous mud 222, 347-48, 491, 517, 529, 
615, 700 

chemical composition 222 , 

Terrigenous sediments 222, 347-48, 491, 
517, 529, 615, 685, 700, 706 

Tetrahedrite 693, 698, 704-5, 716, 740 
Texas 

content of hydrogen sulfide in natural gas 
861 

natural gas rich in helium and hydrogen 
36! 

sulfur deposits 753 


ThA 780 

Thalassophile elements 294, 299, 432, 492 
Thalassoxene elements 294 
Thalenite 518-22, 568 
Thalenite type 519-22 
Thallium 
abundance 719 
affinity 

for selenium 723 
for sulfur 723-24 
in biosphere 728 
chemical properties 723 
cycle 727-28 

geochemical character 100, 720 
geochemical coherence 
with lead 726 
with rubidium 124, 724 
geochemistry 719-20, 723-28 
in igneous rocks 720, 723-27 
isomorphism of thallous compounds 723 
in late crystallates 724, 726 
in minerals 95, 100, 723-24, 726-27 
ores 727 

precipitation as thallous chloride 728 
in sea water 728 
in sedimentary rocks 728 
thallic, diadochy 723 
thallous, diadochy 723, 726, 733 
Thallophytes 335 
Thaumasite 184 
Thenardite 434-35 
Theralite 746 
Thermal dissipation 386 
Thermal dissociation 303-4, 375, 400-401, 
613, 617 

Thermal metamorphism 245, 247 
Thermal vibration 250 
Thermal waters 277-78, 281, 332, 428, 439, 
470, 477, 483, 495-96, 554, 556, 597, 
644, 707, 716, 722, 728, 731, 737, 764, 
766, 783 

Thermochemical equilibrium 373 
Thermochemistry 10, 83, 88-91, 102-3, 138- 
39, 170-71, 216, 249-50, 258, 373, 375, 
378, 400-401, 425, 450, 452, 458, 560, 
586, 613, 617, 646, 652, 659, 710 
Thermodynamic equilibrium in rocks 249- 
50, 258, 396 
Thermonatrite 435 
Thioamino acids 747 
Thiobacillus thiooxidans 339 
Thiophenes 352 
Thlaspi calaminate 714 
Thomsenolite 460 

Thorianite 571-72, 635, 772 
isotypy 572 
structure 572 

Thoride contraction 786 
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Thorides 508, 786-87 
diadochy 787 
Thorite 519, 571, 573, 635 
isomorphism 519, 571 
Thorium 

abundance 46, 570 
in biosphere 573 
co-ordination 571, 634 
cycle 572-73 

diadochy 571-72, 632, 782, 787 
£ -value 571 

enrichment in upper lithosphere 178 
geochemical character 570, 781 
geochemical coherence with uranium 632 
geochemistry 570-73 
in igneous rocks 634, 571-73, 773 
isomorphism of thorium dioxide 572 
isotopes 46, 570, 781 
in late crystallates 571, 781 
in minerals 571-72 
ores 572-73 
in sea water 573 
in sedimentary rocks 573 
in sediments 573, 784 
Thorium emanation 7S0, 7S3 
Thorium series 570, 737, 778, 7S0-S1, 783 
artificial collateral branch 7S1 
Thorium : uranium ratio 571, 573, 634, 773, 
782 

Thoron 780, 783 
Thorotungstite 628 

Thortveitite 119, 125, 514-15, 518, 520-22, 
568, 655, 731-32 
Thortveitite type 520-22 
Thucholite 635 
Thulium 

abundance 510-11 
geochemical character 511 
Thunderstorms 306, 312, 315 
Thyroid 637, 762, 781 
Thyroxine 335, 762 
ThX 783 

Tibet, borate deposits 495 
Tiirismaa, chemical composition of quartzite 
247 

Tikhvin, bauxite deposits 506 
Tilasite 461 
Till 204 
Tin 

abundance 729-30 
affinity for sulfur 733 
in biosphere 736-37 
cycle 735-36 

geochemical character 100, 729, 732 
geochemistry 729-37 
in igneous rocks 731-34 
in late crystallates 732-33 
migration as tetrafhioride 732 
in mineral waters 277, 279 


minerals 731-32, 734 
ores 734-35 

in sedimentary rocks 735 
in sediments 735 
stannic, diadochy 726, 732 
stannous, diadochy 732 
Tin metasomatism 257 
Tingua, nepheline syenite 177 
Tissue fluids 463, 588, 762 
Titan, composition of atmosphere 380-81, 
403 

Titanian amphibole 560 
Titanian augite 560 
Titanian biotite 153, 560 
Titanian garnet 560, 562 
Titanian magnetite 164, 559, 562-63, 596, 
602, 670 

Titaniferous iron ores; see under Iron ores 

Titanite; see Sphene 

Titanium 

abundance 557-58, 563 
in biosphere 569 
co-ordination 564 
cycle 563 

in early crystallates 561-64 
endogenic enrichment 562 
exogenic enrichment 562 
geochemical character 557-58 
geochemical coherence 
with columbium 607 
with phosphorus 585-86 
with tantalum 607 
with zirconium 110-11 
geochemistry 557-64, 569 
in igneous rocks 558, 561-63 
in metamorphic rocks 564 
minerals 558-61 
ores 563-64 
oxide in stars 557 

quadrivalent, diadochy 487, 526, 561-62, 
596, 606, 670, 732 
in sedimentary rocks 564 
in sediments 564 
tri valent, diadochy 561, 606 
Titanomagnetite 559 
Tn 783 

Tobacco 441, 531 
Toluene 354 
Tonerde 508 

Topaz 181, 195, 201, 502, 730, 759 
Topsoil 210, 333, 540 
Torbanite 349 
Torbernite 590, 635 

Tourmaline 116, 127, 181, 195, 201, 217, 
427, 439, 444, 487-88, 492, 513, 526, 
645, 697, 710, 722-24, 732, 757 
structure 116, 488 

Tourmaline granite 487 
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Toxicity 330, 335, 342, 441-42, 447, 462, 
480, 489, 653, 700, 714, 718, 736-37, 
748, 761 

in relation to position in Periodic Chart 
330 

TR 517 

Trace elements 34, 38, 95, 126-27, 225, 277, 
279, 287, 289, 311, 323, 325-27, 330-31, 
333, 335, 353, 395-96, 422, 436, 470, 
557, 584-85, 594, 598, 640, 642, 645, 
650, 673, 709, 743 
adsorption 

in iron-rich oxidates 673 
in manganese-rich oxidates 642, 650 
groups 126-27 

as indicators of temperature of formation 
of sphalerite 709 

regional differences in abundance 395-96 
Trachyte 396, 472, 476 
Trade-wind belts 

carbon dioxide content in air 545 
insular guano deposits 592 
Trangisvaag, composition of salt solution in 
cavities of basalt 267 

Transfer percentage 295, 433, 480, 483, 505, 
517, 665, 684-85, 750, 752 

Translation 250 

Transport elements 442, 452, 662, 761 

Transportation 190-91, 196, 199, 201-2, 
208, 212, 221, 244, 256, 294, 296, 298, 
393, 413, 419, 433, 453, 463, 483, 489- 
90, 504, 555, 629, 647, 664-65, 672-74, 
684, 706, 712, 735-36, 746, 764-69, 784 
agents 196 

Transportation resistance 
of minerals 201 
of rocks 202 

Transuranium elements 71, 508, 570, 657, 
778, 786-88 
atomic structure 787 
chemical properties 787 
geochemical character 778 
geochemistry 778, 786-88 
oxidation states 786 

Transvaal, sulfide pyroxenites 691 
Trap 424 

Travancore, monazite sand 572 

Travertine 215, 217, 280, 470 
chemical composition 217 

Tremolite 208 
Trevorite 661, 681 
Triads 641 

Tridymite 20, 22, 142, 152, 555 
Trigonite 642 

Trinidad, nickel in crude tars 360 

Triphylite 427, 587, 642, 661 
isotypy 587 
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Triplite 514, 526, 587, 642, 661, 693, 704, 
726 

Tritium, formation 550 
Troilite 20-22, 27-28, 76, 85, 87, 92, 162- 
63, 422, 443, 584-85, 594, 619, 625, 640, 
654, 658, 677-78, 689, 695, 702, 708-9, 
715, 719, 729, 738, 756 
chemical composition 21 
structure 21, 162-63 
see also Meteorites, sulfide phase 
Troilite globules 27 
Troilite meteorites 28 
Troilite nodules 27, 584-85, 619, 640, 677 
Trona 284, 435 

Trondheim area, composition of mica schists 
222 

Trondhjemite 165, 168 
Troposphere, 301-2, 304-5, 309, 319, 771 
chemical composition 305 
True igneous rocks 128, 243, 245, 396, 417, 
451 

Tungsten 
abundance 625 
in biosphere 628-29 
cycle 628-30 
diadochy 514, 628, 732 
geochemical character 626 
geochemical coherence with molybdenum 
110-11, 628 
geochemistry 625-31 
in igneous rocks 626-28 
in late crystallates 626 
minerals 627 
ores 629-31 

precipitation as calcium tungstate 629-30 
regional variations in abundance 625 
in sea water 630 
in sediments 629-30 
structure of tungstates 628 
Tungstenite 627 
Tungstite 628, 631 
Tunis, phosphorite deposits 593 
Turacin 701 

Turkestan, Russian, tyuyamunite deposits 
603 

Turkey, borate deposits 495-96 
Turquois 590 

Tuscany, boron minerals in fumarole de- 
posits 495 
TY 517 
Tychite 434 
Tyrian purple dye 762 
Tyrrhenian Sea 

beryllium content in bottom sediment 447 
boron content in bottom sediment 491-92 
Tysonite 518, 757 
Tyuyamunite 598, 603, 638 
formation 638 
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UI 633 

Uivfaq, native iron 690 
Ulexite 495 
Ullmannite 680 

Ultrabasie rocks 126-27, 146-47, 150, 157, 
164, 437, 444, 450, 453, 476, 486, 
512, 516, 527-28, 533, 557, 596, 605-6, 
621, 624, 643-44, 677, 681-83, 690-91, 
694, 784 
Ultrabasite 734 
Ultramicrons 233 

Ultraviolet radiation 301, 304, 306-7, 373- 
74, 380 

Undersatnration 466, 468 
United States 

helium in natural gas 772-73 
total helium reserves 773 
United States, western 
natural gas rich in carbon dioxide 361-62 
seleniferous plants 748 
seleniferous sedimentary rocks 754 
Universe 14, 43-44, 70-71, 367-68, 381 
chemistry of 14, 367 
Unmixing 
perthitic 138 

Unsaturated hydrocarbons 352, 598, 755 
Upper lithosphere; see under Lithosphere 
Urals, platinum deposits 694 
Uraninite 530, 572, 597, 633, 635, 637-38, 
785 

isotypy 572 

Uranite 461, 484, 590, 598, 635, 638 
structure 635 
Uranium 

abundance 46, 632 

in Algoman mineral waters 279 

in biosphere 636-38 

co-ordination 634 

cycle 636-38 

diadochy 572, 632 

U -value 634 

enrichment in upper lithosphere 178, 633 
fission 633, 779-80 
geochemical character 632-33, 781 
geochemical coherence with thorium 632 
geochemistry 632-39 

in igneous rocks 571, 573, 633-36, 773, 783 
isomorphism of uranium dioxide 572 
isotopes 46, 632-33, 787-88 
in late crystallates 635, 781 
in minerals precipitated from ground 
water 635-36 

natural fission 633, 780, 788 
ores 635, 638-39, 785 
precipitation as sulfide 637 
radioactivity 632-33 

regional differences in abundance 395, 638 
in sea water 573, 636-37, 784 
in sedimentary rocks 636-38 
in sediments 636-37 


solubility of compounds 636 
UO 2 in minerals 634 
U0 3 in minerals 634 
uranyl complexes 635-36 
Uranium-actinium series 633, 737, 778, 780- 
81, 783 

artificial collateral branch 781 
Uranium-radium series 633, 737, 778, 780- 
81, 783 

Uranmica 590, 635 
Uranocireite 484, 590 
Uranophane 635 
Uranotil 635 
Uranus 370-72, 381 
composition of atmosphere 381 
density 371-72 
internal constitution 372 
Urates, in sediments 592 
Urea 580-81, 583 
Urgranite 711 
Uric acid 581, 583 
accumulation in bioliths 583 
Utah 

ilsemannite in sandstone 629 
indium content in pegmatite 515, 723 
natural gas rich in helium and hydrogen 
361 

scandium content in pegmatite 515 
selenium content in sedimentary rocks 754 
silver in sandstones 706 
uranium content in asphaltite 637 
Utah, southeastern, vanadate deposits 603, 
629, 638 

Uuksunjoki, composition of hornblende 149- 
50 

Uvarovite 459, 621 

Vadose constituents 279, 613 
Vaesite 680 
Vast ergot land 

Co:Ni ratio in sedimentary rocks 685 
cobalt content in sedimentary rocks 685 
nickel content in sedimentary rocks 685 

Valentinite 739 

Valley of Ten Thousand Smokes 
amount of acid gases released 189, 417, 764 
amount of water exhaled 280, 417 
boron content in fumarolic incrustations 
489 # 

composition of fumarole deposits 188 
content of minor constituents in magnetite 
188-89 

content of water vapor in fumarole gases 
280, 417 

copper content in fumarolic magnetite 
700 

fluorine content 
in fumarolic incrustations 760 
in pumice 188 


908 



SUBJECT INDEX 


formation of hydrochloric acid 765 
formation of ilsemannite 188, 629 
hydrogen sulfide in fumarole gases 188, 

. . 751 

origin of ammonium compounds in vol- 
canic emanations 577 
Vanadian magnetite 602 
Vanadiferous iron ores; see under Iron ores 
Vanadiferous sandstone 638 
Vanadinite 597 
isomorphism 597 
Vanadium 
abundance 594 

in biosphere 335, 353, 360, 598-99, 600- 
603, 686 
cycle 599-602 
discovery 595 

formation of vanadates 597, 600, 603 
geochemical character 594 
geochemical coherence with columbium 
110^11 

geochemistry 594-603 
in igneous rocks 594-97 
in iron ores 595-96, 602 
in metamorphic rocks 602 
ores 602-3 
oxidation states 595 
porphyrin complexes 599, 602 
precipitation as sulfide 600-603 
quadrivalent, diadochy 596-97, 606 
quinquevalent 
co-ordination 598 
diadochy 156, 586, 596-98, 606 
regional abundance differences in lime- 
stones 600 
in sea water 598, 600 
secondary minerals 597-98, 600, 603 
in sedimentary rocks 597, 599-603 
in sediments 597, 599-603 
separation from ferrides 601 
solubility of sulfide 601 
structure of dioxide 596 
trivalent, diadochy 595-96 
vanadates in sediments 231, 597-98, 600- 
601, 603 

Vanadoan mica 153, 598 
Vanadoan muscovite 153, 598 
Vanthoffite 434 
Vapor tension 251-54 
Variable elements 322-24, 441 
Variscan rocks, occurrence of cesium in 436 
Varatrask, rubidium and cesium content in 
pegmatite minerals 438 
Vaterite 215, 460, 469 
Veined gneiss 246 

Venezuela, tars in oil-bearing rocks 360 
Venite 246 

Venus 304, 368, 370-71, 374-78, 403, 532 
atmosphere 304, 374-78, 532 
density 371 


hydrosphere 375 
internal constitution 370 
nature of clouds 375 

photochemical reactions in atmosphere 375 
protoatmosphere 375 
Vermoderung 343 
Vertebrates 326-27, 463, 592, 718 
Vertorfung 344 
Verwesung 343 
Vesuvianite 446, 460 
Vesuvius 

avogadrite in lavas 439-40 
lead in fumaroles 187 

Viasvesi, chemical composition of quartz 
sand 247 

Villiaumite 429, 757 
Viola calaminaria et zinci 334 
Virginia, weinschenkite in limonite 529 
Viridine 645 

Viry, composition of mineral water 278 
Viscaria alpina 334, 700 
Vitamins 330, 337 
Vivianite 590, 661-62 
Voelckerite 586 

Volatile constituents 158, 160, 184-85, 

187-89, 266, 276, 398, 404, 417, 559, 
597, 671, 691, 748 
Volcanic ash 204, 310 
Volcanic dust 310, 648 
Volcanic emanations 40, 161, 184-89, 192, 
220, 223, 227, 264, 266, 276-77, 

280-81, 296-98, 300, 303, 307, 362, 
400-402, 417-19, 485, 489-90, 492-94, 
496, 510, 534-36, 538-40, 542, 544, 546, 
575-77, 581, 589, 613, 675, 696, 700, 
717, 740, 742, 747, 750-51, 757, 763- 
66,_ 776-77 

chemical composition 184-85, 189 
total quantity 186-87 

Volcanic gases 185, 189, 280, 360, 401-2, 
485, 494-95, 613, 750-51, 7 55, 765, 
772-73, 776-77 _ 
chemical composition 185, 189 
origin of hydrochloric acid in 765 
Volcanic glass, water content 416 
Volcanic rocks 188, 230, 245, 439, 460, 472, 
475, 496, 507, 527, 533, 559, 576-77, 
629, 648, 675, 754 
Volcanic springs 184 

Volcanic sublimates 184, 187, 439, 495, 669, 
747, 751, 758, 761 

Volcanoes 184-85, 187-88, 300, 310, 404, 
420, 495, 534-35, 577, 614, 648, 672, 
675, 716, 741-42, 784 
Vrbaite 95, 726 

Wad 214, 484, 642, 650, 653, 684 
chemical composition 214 
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Wagnerite 450 

Walden field, composition of natural gas 362 
Washington, D.C., composition of rain water 
313 

Water 265, 418 
amount 264-65 

bound in sediments 419 
in Earth’s surface materials 418 
boiling point 265 
combined 416 

cycle 296-97, 311, 316-18, 338, 419 
dissociation 192 
dissolved substances in 192 
effect on sequence of magmatic crystalliza- 
tion 168-69, 417, 500 
fossil 358 

free energy of formation 372 
freezing point 265 
heavy 306, 421, 618 
hygroscopic 264, 416 
“igneous” 275 

juvenile 186, 223, 264-65, 277, 279-80, 
296, 304, 393, 416-17, 419, 556, 589, 
599, 637, 728, 775 
manner of occurrence 264-68, 418 
meteoric 184, 186, 264, 268, 280, 393, 404, 
529 

in meteorites 25 
minus 416 

molecules in crvstal structures 418 
pH 192, 205, 208, 227-29, 291-92, 313, 
316, 363, 405, 433, 454, 466-68, 503, 
665, 673 

physical properties 265 
plus 416 

polymerization 265 
role in weathering 191-92, 268, 419 
secondary 416 
“sedimentary” 275-76 
in tissues 420 
vadose 279 
in volcanic glass 416 
Water economy of the Earth 316-17 
W T ater humus 347 
Water table 231 
Water vapor 
in atmosphere 306 
in fumarole gas 417 

photochemical dissociation 303-4, 401, 
613-14 

thermal dissociation 303-4, 375, 400-401, 
613 

total mass 265 
total volume 265 
Wax coal 351 

Waxes 340, 343-44, 348, 351 
Weathering 32, 36-37, 184, 190-95, 199, 
202-5, 208-12, 221, 233, 243-44, 248, 
268, 272, 276, 294, 296-97, 311, 341-42, 
346-47, 350-51, 360, 374, 393, 395, 397, 
402, 404, 407, 413, 419, 428, 431-33, 
440, 446, 453, 463-64, 480, 482, 488-91, 


493, 502-6, 510, 516, 528, 531, 535-36, 
538, 541, 547, 553-55, 563, 566, 573, 
575, 577, 589, 592, 599, 609, 615-17, 
623, 628-29, 635-36, 647-50, 656, 664- 
65, 667-69, 673, 680, 683-84, 687, 691, 
693, 698-99, 706, 712-13, 717, 727, 734- 
35, 749-52, 762-66, 768, 773-74, 783 
amount of oxygen consumed 615-17 
chemistry of 192-93, 209 
formation of clay minerals 204-5 
role of bacteria 341 
submarine 648 
Weathering products 195 
Weathering residues 195, 198, 200, 202-3, 
208, 431, 492, 555, 629, 664, 683-84, 
764; see also Hydrolyzates; Resistates 
Weathering solutions 208, 215, 236, 268, 482, 
503, 553-54, 566, 589, 599-602, 609, 623, 
629, 647, 663-65, 672, 684, 750, 753 
pH 503 

Weinschenkite 529, 589 
formation 529 
W 7 ell water 269, 276 
'Wheat 447 
Whewellite 463 
Wdiite mica 503 
Whitlockite 586 
Widmanstatten figures 24 
Widmanstetter figures 24 
Wiechert-Gutenberg discontinuity 77, 80, 83 
Wiikite 513, 520, 522 
Wiikite type 520, 522 
Willemite 117, 710-11 
isotypy 710 

Wind-borne material 310 
Whtherite 217, 477-78, 484 
Wodanite 153, 560 
W r ohlerite 181, 607 
W r olfram; see Tungsten 

Wolframite 126, 182, 201, 397, 512-14, 526, 
568, 608, 627-29, 631, 642, 644, 662, 726, 
732 

presence of scandium in 514 

Wollastonite 119, 459 
structure 459 

Wood 349-50, 546, 722 

W T ood fiber, average chemical composition 
349-50 

Woodside anticline, composition of natural 
gas 362 

Woody 1, composition of nontronite 206 
W r orms 662 

Wulfenite 627-29, 631, 734, 768 
isomorphism 628 

Wurtzite 709, 711-12 
structure 712 
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Wyoming, selenium compounds in rocks and 
soil 754 

Xenon 

, abundance 770-71 
geochemical character 770 
geochemistry 770-71, 777 
in natural gases 777 
solubility 777 
sources 777 
in troposphere 771 

Xenotime 121, 156-57, 518-24, 571, 587, 
590, 635, 782 
isomorphism 519 
Xenotime type 520, 522 
X-ray .diffraction analysis 202-3, 501 
Xylorrkiza 748 

Yeasts 356, 537 
Yellowstone National Park 

chemical changes caused by thermal waters 
281. 

composition of hot-spring sediments 217 
composition of hot-spring waters 277-78, 
280 

formation of clay minerals 281 
gallium content in opalized wood 722 
Ytterbium 

abundance 510-11 
bivalent, diadochy 525 
geochemical character 511 
in igneous rocks 527 
trivalent, diadochy 521 
Yttrian almandite 526 
Yttrian apatite 524 
Yttrian garnet 526 
Yttrian sphene 524 
Yttrium 

abundance 509-11, 519-24 
affinity 

for fluorine 518 
for phosphorus 518 
co-ordination 525-26 
cycle 52S-30 
diadochy 518, 526,-528 
geochemical character 509, 511 
geochemical coherence 
with lanthanum 109, 111 
with scandium 110-11 
geochemistry 508-11, 517-31 
in igneous rocks 518-28 
in metamorphic rocks 529 
in sedimentary rocks 529 
in sediments 529 

Yttrium-earth metals 517-25, 527, 560, 568, 
787 . 

co-ordination 525 
diadochy 525, 787 

Yttrium earths 517 
Yttrocalcite 757 


Yttrocolumbite 608 
Yttrofluorite 126, 518-20, 757 
Yttrofluorite type 519-20 
Y'ttrotantalite 608 
Yttrotitanite 524 

Zaratite 680 

Zechstein Sea 219^496-97 
Zeolite 119, 165, 184, 418, 427, 431-32, 
446, 460, 477, 554, 722 
Zeta potential 234 
Zinc 

abundance 708 
affinity for sulfur 709, 713 
in Alpine mineral waters 279 
in biosphere 334, 714 
co-ordination 117, 240, 710 
cycle 712-14 

diadochy 645-46, 709, 712, 725 
geochemical character 99, 708, 711 
geochemical coherence with cadmium 585 
geochemistry 708-14 
in hydrothermal deposits 710-11, 715 
in igneous rocks 708-12 
in magmatic sulfides 163, 70S-9 
minerals 708, 710-11 
ores 711-13 

packing index of minerals 710 
precipitation 
as carbonate 712 
as oxide 712 
as silicate 712 
as sulfide 712 

regional variations in abundance 711 

in sea water 713 

in sedimentary rocks 713 

in sediments 713-14 

solution 

as chloride 712 
as sulfate 712 
structure of minerals 710 
in zone of weathering 712 
Zinc: cadmium ratio 711 
Zinc pansy 334 
Zincian amphibole 710 
Zincian garnet 710 
Zincian melilite 710 
Zincian pyroxene 710 
Zincian spinel 710-11 
Zincian tourmaline 710 
Zincite 711 

Zinnwaldite 153, 427, 438, 446, 512-13, 526, 
7 59 

Zircon 113-14, 121, 125, 127, 131, 155-56, 
175, 181, 195, 201, 475, 519, 523-24, 
564-68, 571-72, 587, 607, 609, 635, 655, 
772, 781-82 

disintegration of structure 113-14, 155- 
56, 565 
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Zircon — continued 
isomorphism 519, 571 
radioactivity 782 
structure 155, 565 
Zirconium 

abundance 557-58 
in biosphere 569 
co-ordination 117, 564-65 
cycle 566-67 

diadochy 567, 571-72, 606, 782 
E-value 565-66 
geochemical character 557-58 
geochemical coherence 
with columbium 607 
with hafnium 109, 111, 567, 585, 604, 722 
with tantalum 607 
with titanium 110-11 
geochemistry 557-58, 564-67, 569 
hafnium content 568 
in zirconium minerals 568 
Hf0 2 :Zr0 2 ratio 568 
in igneous rocks 565-66 
in mineral waters 277 


ores 567 

oxide in stars 557 
in sediments 566-67 
stability of zirconates 566 
Zirconium : hafnium ratio 567, 722 
Zirconoid 156, 565 
Zoisite 195, 459, 518, 525, 595, 641 
Zonal arrangement of elements 188 
Zone g, 

basic 262 I 

of cementation 231, 629, 699, 706 1 

of desilicification 262 
of granitization 262 
of migmatitization 258 ^ 

of oxidation 231, 484, 600, 603, 653, 669„ 
680, 693, 699, 706, 736 
of reduction 193, 713, 736 
of sedimentation 245 

of weathering 193, 245, 402, 463, 629, 647, 
651, 669, 680, 684, 687, 699, 712, 75(J 

Zooplankton 364, 581 
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